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(57) Abstract 

Chiral catalysts for enantioselectively epoxidizing a prochiral olefin and for enantioselectively oxidizing a prochiral sulfide 
are disclosed, together with methods of using such catalysts. In accordance with one aspect of the invention, the catalyst is a salen 
derivative which has general structure (I). In accordance with another aspect of the present invention is a method of producing an 
epoxychroman using a chiral catalyst In accordance with this method, a chromene derivative, an oxygen atom source, and a chi- 
ral catalyst are reacted under such conditions and for such time as is needed to epoxidize said chromene derivative. In accord- 
ance with yet another aspect of this invention is a method of enantioselectively epoxidizing a cis-cinnamate derivative to make 
taxol or an analog thereof. In accordance with another aspect a method of disproportionation of hydrogen peroxide using the ca- 
talysts of the present invention is disclosed. 
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CHIRAL CATALYSTS. CATALYTIC OXIDATION AND DISPROPORTIONATE 
RWCnONSrWID METHODS OF PRODUCING EPOXYCHROMANS 

AND TAXOL 
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yTATPMENT OF GO 

This invention was made with Government support under Grant 
GM-43214-01A1 awarded by the National Institutes of Health and Grant CHE- 
9057740 awarded by the National Science Foundation. The government has 
certain rights in the invention. 
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The present application is a contmnation-m-pan oi u.a. w«bi 
Application No. 809,446 filed December 16, 1991 which application was in 
turn a continuation-in-part of U.S. Patent Application No. 749,460 filed 
August 26, 1991, and of U.S. Patent Application No. 673,208 filed March 21, 
1991 which application was in turn a continuation-in-part of U.S. Patent 
Application No. 496,992 filed Match 21, 1990 and since abandoned. 
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The present invention relates to the field of asyi 
catalysis. More particularly , the invention relates to the field of 
organometallic catalysts useful for enantioselectively epoxidizing prochiral 

olefins. 



Several advances in catalysis of asymmetric group transfer have 
occurred in recent years. One such advance has been the discovery by K.B. 
Shaxpless et al. of the cpoxidation of allylic alcohols which provides access to 
enantiomerically pure synthetic building blocks. Unfortunately, Shaxpless 
catalysis requires the presence of a specific functional group, namely an allylic 
alcohol, on the olefin to be epoxidized. Naturally, this requirement severely 
limits the variety of olefins which can be so epoxidized. 

Some success has been achieved in asymmetric catalysis of 
unfunctionalized olefins. For example, KJJ. Shaipless reported in 1988 that 
certain cinchona alkaloid derivatives were effective ligands in the osmium- 
catalyzed asymmetric dihydroxylation of trans- stilbene and various other 
olefins. This method provides a practical route to certain chiial diols, 
although cis olefins afford poor results. 

Aside from the catalysts disclosed herein, it is believed that 
there currently exists no practical catalytic method for the asymmetric 
epoxidation of unfunctionalized olefins. Some progress has been made in this 
area through the use of chiral porphyrin complexes. In particular, J.T. Groves 
et al. reported in 1983 the asymmetric epoxidation of styrene by a chiral iron 
porphyrin catalyst Unfortunately, the Groves system suffers several 
disadvantages, namely, the porphyrin catalyst is relatively difficult to prepare, 
oxidant proceeds to low substrate conversion, is limited to styrene derivatives, 
and achieves enantiomeric excess (ee) values of less than about 50 percent 

Epoxvchroman Synthesis 

Given the broad synthetic utility of epoxides, a simple, reliable, 
and practical procedure for asymmetric epoxidation of simple olefins is clearly 
desirable. One class of chiral epoxide with synthetic utility is the group of 
compounds generally known as epoxychromans, or epoxides of derivatives of 
chromene. For example, the epoxide of 6-cyano-2,2-dimethylchromene has 
been found to be useful in the synthesis of a compound known as cromakalim. 
Two variations of cro makalim are shown in FIGURES 12 and 13. Both of 



these ait believed to be potassium channel activators and have shown 
considerable promise as antihypertensive drugs. 

As can be seen in FIGURES 12 and 13, the cromakalim 
compounds have two enantiomers. It is currently believed that only one of 
these enantiomers, namely the 3S, 4R enantiomer, possesses the 
antihypertensive activity. Consequently, a method of making a more 
enantiomericaUy pure epoxide of the precursor chromene derivative is highly 
desirable. 



Tfrwl Synthesis 

Taxol has emerged 
preliminary clinical trials. Howei 



M 


9 JL 







be considered to have two basic structural units, an N-benzoyl-3-phenyl- 
isoserine side chain and a highly fimctionalized diterpene nucleus. The 
tetracyclic ring structure of the nucleus represents by far the greater synthetic 
c halle nge, one that has as yet not been met despite the concerted efforts of 

several leading laboratories. 

Consequently, a number of research groups are seeking 
semisynthetic routes of making taxol or analogs with taxoMike activity. Some 
of the new strategies involve side-chain synthesis and linkage to a naturally 
derived diterpene nucleus, or taxol congener. 

A ready source of the taxol congener 10-deacetyl baccatin HI 
(10-DB HI) has been found. Cbauviere, G., Guenard, D.; Picot, P.; Senilh, 
V.; Potior, P. CJL: Seances Acad. Sd., Ser. 2, 222: 501-03, 1981. Denis et 
aL (J. Amer. Chem. Soc. Ufl:5417, 1988) developed a method of converting 
10-DB m to taxol which utilizes* for the taxol C13 side chain, the protected 
form ^3S)-N-benzoyl-0-(l-ethoxy^yl)-3i)h^l^serine. Denis, J.-N.; 
Greene, A.E.; Sena, A.A.; Luche, M.-J. J. Org. Chem. 51: 46-50, 1986. 

A more efficient method of synthesizing an optically pure C13 



side chain of taxol is desirable. 
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Chial Catalysts ™d Oxidation of Sulfides 

The present invention also relates to the field of organometallic 
catalysts useful for enantioselectively oxidizing sulfides to sulfoxides. Given 
the broad synthetic utility of sulfoxides, a simple, reliable, and practical 

5 procedure for asymmetric oxidation of sulfides is clearly desirable. 

Asymmetric sulfide oxidation and olefin epoxidation strategies utilizing 
chiral oxaziridine derivatives have been developed with good to excellent 
success by Davis et al. Enantioselective catalysis of these reactions (and of 
asymmetric stoichiometric epoxidation) constitutes among the most interesting 

10 challenges in modem synthetic chemistry. To date, the only well-established 
and broadly successful methods for both these processes employ closely related 
H-tartrate-based catalysts with alkyl hydroperoxides as the terminal oxidant 
Also, several chiral porphyrin complexes have been reported to catalyze both 
types of oxidation processes with modest selectivity using iodosylarenes as 

15 terminal oxidants. 



Catalytic Dispu npnTtjonation Hydrogen Peroxide 

The enzyme catalase, which occurs in blood and a variety of 
tissues decomposes hydrogen peroxide into oxygen gas and water very rapidly. 
This catalytic disproportionation of hydrogen peroxide (also known as the 
20 catalatic reaction) protects aerobic cells from oxidative stress and therefore is a 
biologically important process. Thus, it is desirable to find compounds which 
can function like catalase. 
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Briefly stated, the present invention is a chiral catalyst as well 









iriTel 



olefin. 

In accordance with a first aspect of the invention, the chiral 
catalyst has the following structure: 

Rj R3 





wherein M is a transition metal ion, A is an anion, and n is either 0, 1, or 2, 
At least one of XI or X2 is selected from the group consisting of sOyls, aryls, 
try alkyls and tertiary alkyls; and at least one of X3 or X4 is selected 
the same group. Yl, Y2, Y3, Y4, Y5, and Y6 are independently 
selected from the group consisting of hydrogen, halides, alkyls, aryl groups, 
silyl groups, and alkyl groups bearing hetero-atoms such as alkoxy and halide. 
Also, at least one of Rl, R2, R3 and R4 is selected from a first group 
consisting of H, CH 3 , C^Hj, and primary alkyls. Furthermore, if Rl is 
selected from said first group, then R2 and R3 are selected from a second 







p 









iary alkyls and tertiary alkyls. If R2 is selected from said first group, 
Rl and R4 are selected from said second group. If R3 is selected from 
said first group, then Rl and R4 are selected from said second group. If R4 is 
selected from said first group , then R2 and R3 are selected from said second 
group. 

In accordance with a second aspect of the invention, the chiral 
catalyst has the following structure: 
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wherein M is a transition metal ion and A is an anion; where at least one of 
XI or X2 is selected from the group consisting of aryls, primary alkyls, 
secondary alkyls, tertiary alkyls, and hetero atoms; where at least one of X3 or 
X4 is selected from the group consisting of aryls, primary alkyls, secondary 
alkyls, tertiary alkyls, and hetero atoms; and where Yl, Y2, Y3, Y4, Y5, Yo, 
Zl, Z2, 23, Z4, 25, Z6, Z7, Z8, 29, Z10, ZU, and Z12 are independently 
selected from the group consisting of hydrogen, halides, alkyls, aryls, and 
alkyl groups bearing hetero atoms. 

In accordance with a third aspect of the invention, the chiral 

catalyst has the following structure: 





where M is a transition metal ion and A is an anion; where n is either 0, 1 , or 
2; where at least one of XI or X2 is selected from the group consisting of 
aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero atoms; 
where at least one of X3 or X4 is selected from the group consisting of aryls, 
primary alkyls, secondary alkyls, tertiary alkyls, and hetero atoms; where at 
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least one of Yl or Y2 is selected from the group consisting of axyls, primary 
alkyls, secondary alkyls, tertiary alkyls, and hetero atoms; where at least one 
of Y4 or YS is selected from the group consisting of aryls, primary alkyls, 
secondary alkyls, tertiary alkyls, and hetero atoms; where Y3 and Y6 are 

5 independently selected from the group consisting of hydrogen and primary 
alkyl groups; where either one or two of Rl, R2, R3 and R4 is hydrogen; 
where, if Rl is hydrogen, then R3 is a primary alkyl; where, if R2 is 
hydrogen, then R4 is a primary alkyl; where, if R3 is hydrogen, then Rl is a 
primary alkyl; and where, if R4 is hydrogen, then R2 is a primary alkyl. 

10 In accordance with a fourth aspect of the invention, chiral 

catalyst has the following structure: 




where M is a transition metal ion and A is an anion; where n is either 3, 4, 5 
or 6; where at least one of XI or X2 is selected from the group consisting of 

IS aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero atoms; 

where at least one of X3 or X4 is selected from die group consisting of aryls, 
primary alkyls, secondary alkyls, tertiary alkyls, and hetero atoms; where at 
least one of Yl or Y2 is selected from the group consisting of aryls, primary 
alkyls, secondary alkyls, tertiary alkyls, and hetero atoms; where at least one 

20 of Y4 or Y5 is selected from the group consisting of aryls, primary alkyls, 
secondary alkyls, tertiary alkyls, and heteto atoms; where Y3, and Y6 are 
independently selected from die group consisting of hydrogen and primary 
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aikyl groups; where Rl and R4 are inns to each other and at least one of Rl 



dkyls and hydrogen; 
its selected from the 



I •(•>! 



i, a 



and where the carbons in the (C) 8 portion have sul 
group consisting of hydrogen, alkyl, aryl, and heteroatoms. 

In accordance with the method aspect of the invei 
prochiial olefin, an oxygen atom source, and the chiral catalyst of one of the 
four aspects of the invention are reacted under such conditions and for such 
time as is needed to epoxidize said olefin. 

In accordance with an alternate method aspect of this invention, 
a pyridine-N-oxide derivative is used. Preferably, 4-phenylpyridine-N-oxide 
or 4-t-butylpyridine-N-oxide is used. More preferably, 4-phenylpyridine-N- 
oxide is used. 

The present invention of chiral catalysts and catalysis has 
provided certain advantages. First, the catalysts of the present invention 
provide a means for catalyzing the enantioselective epoxidation of mono, di, 
and tri-substituted olefins without the need for a specialized functional group 
on the olefin to interact with the catalyst. In other words, the catalysts of the 
present invention are particularly suited for catalyzing the asymmetric 
epoxidation of unfunctionalized olefins. This is in contrast to the prior art 
catalysts, such as the Sharpless catalyst, referred to above. 

Second, the preferred catalysts of the invention show remarkable 
enantioselectivity in catalyzing the epoxidation of £is, disubstituted olefins. 



See Example 1 below, where an ee of 85% was obt 
methylstyrene when catalyzed with the most preferred embodiment of the firs 
aspect. See also, the ee values for Example 12 which uses the most prefenec 
catalyst of the fourth aspect of the present invention. As noted above, prior 
art catalysts have not provided ee values over 40% for qs, disubstituted 
olefins. 

Third, the catalysts of the present invention are relatively easy 
to synthesize, particularly as compared to the porphyrin systems disclosed in 
the prior art 
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Briefly stated, yet another embodiment of the present invention 
is a method of producing an epoxychroman using a chiial catalyst In 
accordance with this method, a chromene derivative, an oxygen atom source, 
and a chiral catalyst from those described below are reacted under such condi- 
tions and for such time as is needed to epoxidize said chromene derivative. 

The chromene derivative used in the presort method has the 
following structure: 




w 



IWHM 



Rl, R2, R3, R4, XI, X2, X3, and X4 are each selected from the 
group consisting of hydrogen, aryls, primary alkyls, secondary alkyls, tertiary 
alkyls, and hetero atoms, and wherein no more than one of Rl and R2 are 
hydrogen. 



I of 



malM»(*JM 



epoxychroman 



ijtliMliKia 



ion of chromene 



The enantioselective 
provided certain advantages. First, the preferred catalysts 
show remarkable enantioselectivity 

derivatives. See Example 17 below, where an ee of 97% was obtained with 
the 6-cyano-2,2-dimethylchromene and the most preferred catalyst shown 
below. As noted above, prior art catalysts have not provided ee values over 
40% for sis, disubstituted olefins. 

Second, the present invention provides an effective and concise 
route to epoxychromans with very high enantioselectivity. Enantiomerically 
enriched epoxychromans ate valuable intermediates for the synthesis of chiral 
3,4-disubstituted chromans. 

Third, the 
25 chromene derivatives. 









MM" 
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Fourth, the catalysts of the present invention are relatively easy 
to synthesize, particularly as compared to the porphyrin systems disclosed in 
the prior ait 

Yet another embodiment of the present invention is the method 
of enantioselectively producing a cis-epoxide of a cinnamate derivative using a 
chiral catalyst In accordance with this method, a cis-cinnamate derivative, an 
oxygen atom source, and a chiral catalyst selected from those described below 
are reacted under such conditions and for such time as needed to epoxidize 
said cis-cinnamate derivative. Even more preferably, the reaction takes place 
in the presence of a pyridine-N-oxide derivative. 

The cis-cinnamate derivative used in the present method has the 
following structure: 




wherein A1-A5 are selected from the group consisting of hydrogen, aiyls, 
primary alkyls, secondary alky Is, tertiary alky Is, hydroxyl, alkoxy groups, F, 
CI, Br, I, and amines. 

Still another embodiment of the present invention is the method 
of making a side chain of taxol or an analog thereof using a chiral catalyst In 
accordance with this method, a cis-cinnamate derivative, an oxygen atom 
source, and a chiral catalyst selected from those described below are reacted 
under such conditions and for such time as needed to enantioselectively 
epoxidize said cis-cinnamate derivative. Even more preferably, the reaction 
takes place in the presence of a pyridine-N-oxide derivative. The cis- 
cinnamate derivative has the same structure as shown above. 

The epoxide of cis-epoxide of the cinnamate derivative is then 
regioselectively opened (Le., preferentially breaking one particular oxygen 
bond) to produce 3-phenyl isoserinamide derivative. This 3-phenyl 
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isoserinamide derivative is hydrolyzed to produce a 3-phenyl-isoserine 
derivative, which in turn is reacted with benzoyl chloride to foim N-benzoyl-3- 

pbenyl-isoserine derivative. 

In yet another embodiment of this invention, taxol is synthesized 

using a chiral catalyst. In accordance with this method, an ethyl 

phenylptopiolate is partially hydiogenated to produce a cis-ethyl cinnamate. 

Then, the cis-ethyl cinnamate, an oxygen atom source, and a chiral catalyst 

selected from those described below are reacted under such conditions and for 

such time as needed to enantioselectively epoxidize said cis-ethyl cinnamate. 

Even more preferably, the reaction takes place in the presence of a pyridine-N- 

oxide derivative. 

The epoxide of cis-epoxide of the ethyl cinnamate is then 
regioselectively opened to produce 3-phenyl isoserinamide. This 3-phenyl 
isoserinamide is hydrolyzed to produce 3-phenyl-isoserine, which in turn is 
15 reacted with benzoyl chloride to form N-benzoyl-3-phenyl-isoserine. Next, tht 
N-benzoyl-3-phenyl-isoserine is reacted with 1-chloroethyl ether and a tertiary 
amine in methylene chloride to form N-benzoyl-0-(l-ethoxyethyl)-3-phenyl- 
isoserine. Then, N-benzoyl-CKl-^oxyethyl)-3-phenyl-isoserineis reacted 
with die alcohol shown below: 




OCOCM, 
OCOC,M, 



20 This resulting intermediate is converted to taxol by hydrolytically removing the 

1-ethoxy ethyl and R4 chains. 

The present method of enantioselectively synthesizing the side 
chain of taxol has certain advantages. The preferred catalysts of the invention 
show remaricable enantioselectivity in catalyzing the epoxidation of cis- 
25 dnnamate derivatives. The synthesis may begin with relatively inexpensive 
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cthyl phenylpropiolate. Id particular, the addition of a pyridine-N-oxidc 
derivative also increases the specificity and completion of the epoxidati 

Bricflv stated, vet another embodiment of the present ii 
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5 accordance with this method a sulfide, an oxygen atom source, and a chiral 
catalyst from those described below are reacted under such conditions and for 
such time as is needed to oxidize said sulfide. Preferably, the sulfide has the 
formula R1-S-R2 wherein Rl is any aromatic group and R2 is any alkyl group. 
Preferably, a cosolvent such as tetrahydrofuran, acetone or acetronitrile is 

10 employed. Also preferably, the oxygen atom source is either hydrogen 
peroxide or iodosylbenzene. 

Still another embodiment of the invention is a method of 
catalytic disproportionation of hydrogen peroxide using a catalyst of the 
present invention. In accordance with this method, hydrogen peroxide and a 

15 catalyst selected from those described below are reacted under such conditions 
and for such time as is needed to disproportionate the hydrogen peroxide to 
dioxygen and water. Preferably, the catalyst is a monometallic (salen)Mn 
complex. Also preferably, the catalyst is mixed with a solvent such as EtOH, 

acetone, CHjClj, or HjO. 
20 The present invention, together with attendant objects and 

advantages, will be best understood with reference to the detailed description 
below read in conjunction with the accompanying figures. 



ttptpf nraraTPTlON OF THE DRAWINGS 

FIGURE 1 shows the generalized 2-dimensional structure of a 

25 cataly st of the first aspect of the present invention. 

FIGURE 2 shows the 2-dimensiQnal structure of the most « 
preferred cataly st of the first aspect of the present invention. 

FIGURE 3 shows the generalized 2-dimensional structure of the * 
cataly st of the second aspect of the present invention. 
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FIGURE 4 is a computer generated 3-dimensional view of the 
most preferred catalyst of the present invention in its proposed oxo- 
intennediate state. 



5 steric hindrance believed to be responsible for the high enantiosdectivity 

observed in the epoxidation of one of the preferred substrates by the preferred 
catalysts of the present invention. 



the catalyst of the fourth aspect of the present invention* 

FIGURE 8 shows the 2-dimensional structure of die preferred 

catalyst of the fourth aspect of the present invention. 

FIGURE 9 is a 2-dimensional representation of the theorized 
15 favored approach of a piochiral olefin to a preferred catalyst of the first aspect 

of the invention. 

FIGURE 10 is a 2-dimensional representation of the theorized 

favored approach of a prochiral olefin to a preferred catalyst of die second 
aspect of die invention. 
20 FIGURE 11 shows 2-dimensional structures for various 

embodiments of the present invention with the numbering system used in 

Examples 8-16. 

FIGURE 12 shows die structure of the chromene derivatives 

used in the present method. 
25 FIGURE 13 shows the structure of die 3S, 4R enantiomer of 

one oomakalim compound. 

FIGURE 14 shows the structure of the 3S, 4R enantiomer of 



another oomakalim compound. 

FIGURE 15 shows the structure of 6-cyano-2,2-dimethyl-3 ,4- 



FIGURES 5A-5C are views similar to FIGURE 4 illustrating the 
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epoxychxoman. 



FIGURE 16 shows the structure of taxoL 
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FIGURE 17 shows the structure of the cinnamate derivatives 

used in the present method. 

FIGURE 18 shows the generalized structure and analogs of the 

3S, 4R enantiomer of the C-13 side chain of taxol. 
5 FIGURE 19 shows the structure of a preferred chiial catalyst 

used in asymmetric sulfide oxidation. 

FIGURE 20 shows the structure of another preferred chiial 

catalyst used in asymmetric sulfide oxidation. 

FIGURE 21 shows the face selectivity in sulfide oxidation 

10 reactions. 

FIGURE 22 shows the generalized structure of a preferred 
catalyst used in catalytic disproportionation of hydrogen peroxide. 

FIGURE 23 shows the generalized structure of another preferred 
catalyst used in catalytic disproportionation of hydrogen peroxide. 



15 DETAIL] 



jove, the present invention is a cmiai caiaiysi as wen 
as methods of using said those catalysts for enantioselectively epoxidizing 
prochiral olefins, chromene derivatives and cis-cinnamate derivatives. 

The entire disclosures of U.S. Patent Application No. 809,446 
20 filed December 16, 1991 and U.S. Patent Application No. 749,460 filed 

August 26, 1991, and of U.S. Patent Application No. 673,208 filed March 21, 
1991 which application was in turn a continuation-in-part of U.S. Patent 
Application No. 496,992 filed Match 21, 1990 are incorporated herein by 



25 The-. First Cat^ YSt " f fllB Invention 

FIGURE 1 shows the structure of the first aspect of die present 

invention preferred chiral catalyst 

The preferred catalysts of the present invention are salen 
derivative-based complexes of a metal ion. The term "salen" is used herein tt 
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refer to those ligands typically formed through a condensation reaction of two 
molecules of a salicylaldehyde derivative with one molecule of a diamine 
derivative. While salen ligands are formed from ethylenediamine derivatives, 
propyl and butyl diamines may also be used to give analogous salpn and salbn 
derivatives. Salen derivatives are preferred and their general structure is 
shown in FIGURE 1 . A salen derivative where n is 0 is shown in FIGURE 2. 

As seen in FIGURE 1, the two nitrogens and the two oxygens 
are oriented toward the center of the salen ligand and thus provide a 
complexing she for the transition metal ion M. Preferably, this metal ion is 
selected from the group consisting of Mn, Cr, Fe, Ni, Co, Ti, V, Ru, and Os. 
More preferably, the transition metal ion is selected from the group consisting 
of Mn, Cr, Fe, Ni, and Co. Most preferably, the metal ion is Mn. 

Hie selection of the anion, A, is not seen to be critical to the 
performance of the catalyst. Preferably, the anion is selected from the group 
consisting of PF 6 , (aryl) 4 , BF 4 , B(aryl) 4 , halide, acetate, triflate, tosylate, with 
halide or PF« being more preferred, and chloride being most preferred. 

FIGURE 1 also shows the many sites available for substitution 
on the salen ligand. Of these sites, it is believed that Rl, R2, R3, R4, and 
XI, X2, X3, X4, Y3 and Y6 are the most important in this first catalyst. 

According to die first aspect of the invention, at least one of the 
XI and X2 sites, and at least one of the X3 and X4 sites include a substituent 
selected from the group consisting of secondary or tertiary alky 1 groups, aryi 



m substituents such as 



groups, silyl groups, and alkyl groups bearing 
alkoxy or halide. For reasons to be discussed below, these will be referred t 
as 'blocking 11 substituents. Preferably, it is the XI and X3 sites which bear 

substituents. More preferably, XI and X3 bear the saj 
stiment is most preferably a tertiary alkyl group, such 



substt 



tertiary butyl Preferably, when XI and X3 bear the blocking substituent, then 
X2 and X4 can be selected from a group of non-blocking substituents such as 
H, CH 3 , cySj, and primary alkyls, most preferably, H. Alternatively, eitha 
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three or four of XI , X2, X3, and X4 can be selected from the group of 

blocking substituents. 

According to this first aspect of the invention, at least one and 
no more than two of Rl, R2, R3 and R4 are selected from a group consisting 
of H, CHj, Cft, and primary alkyls. For convenience, and consistent with 
the present theory to be discussed below, this group will be referred to as the 
non-blocking group. If Rl is selected from the non-blocking group, then R2 
and R3 are selected from the blocking group. If R2 is selected from the non- 
blocking group, then Rl and R4 are selected from the blocking group. Like- 
wise, if R3 is selected from the non-blocking group, then Rl and R4 are 
selected from the blocking group. Finally, if R4 is selected from the non- 
blocking group, then R2 and R3 are selected from the blocking group. 

Stated in other terms, this first aspect of the invention requires 
that, of the four sites available for substitution on the two carbon atoms 
adjacent to nitrogen, either one or two of these will include a substituent from 
the non-blocking group. The invention also requires that the remaining sites 
include a substituent from the blocking group. In addition, it is a requirement 
that there not be two non-blocking substituents on the same carbon, and that 
there not be two non-blocking substituents on'the same side on the two differ- 
ent carbons, i.e. not as across the nitrogen. 

Stated in yet another way, if there is only one non-blocking 
substituent, that non-blocking substituent can be on any one of the four 
substitution sites, Rl, R2, R3, and R4, and the other three sites must include a 
blocking substituent. If, on the other hand, there are two non-blocking 
substituents, then they must be on different carbon atoms, and they must be 

trans to each other. 

Preferably, the non-blocking substituent is either hydrogen or 
methyl, but most preferably, hydrogen. Preferably, the blocking substituent is 
either a phenyl group or a tertiary butyl group, but most preferably a phenyl 



30 



group. 
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The substituents on the Y3 and Y6 sites affect the conformation 
of the ligand and thus have an influence on enanuoselectivity in the 
epoxidation. Preferably, Y3 and Y6 are hydrogen, methyl, alkyl, or aryl. 
More preferably, they are hydrogen or methyl. Most preferably, they are 
hydrogen. 

The Yl, Y2, Y4, and Y5 sites are seen to be less critical. 
Preferably, these sites are occupied by hydrogen, although these sites may also 
be occupied by substituents independently selected from the group consisting 
of hydrogen, halides, alkyls, aryls, alkoxy groups, nitro groups. 

FIGURE 2 shows the structure of the most preferred 
ment of this first aspect of the present invention catalyst. As can be seen, the 
most preferred substituent at XI and X3 is a t-butyl group. Also, it is most 
preferred for the Rl and R4 sites to have the same blocking group, namely a 
phenyl group. In addition, it is most preferred to have the R2 and R3 sites 
occupied by a hydrogen. Finally, it is most preferred that the X2, X4, Yl, 
Y2 Y3. Y4. Y5. and Y6 sites are also all occupied by a hydrogen. 



-in Mi* 
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While not wishing to be 
shanism has been proposed 



i • lima 



particular theory, 



selectivity of the first aspect of the present invention catalyst Referring to 
FIGURE 4, which is a 3-dimensional view of the R,R enantiomer of the most 
preferred catalyst in its proposed oxo-intennediate state, it is seen feat, with 



important 







*1 





ligand assumes a generally planar conformation 
with the oxygen atom 11 being complexed with the Manganese ion 13 and 

perpendicular 



is are 



the tert-butyl blocking groups attached at the XI and X3 sites 15 and 17 



respectively, and the phenyl blockm 
21 and 23, respectively. Although hard to de 
phenyl blocking group 23 at R4 is behind the 
while the R4 phenyl blocking group 23 is sub 
catalyst and the Rl phenyl blocking 
of the catalyst. 



• m*[-i»kiia 



ions, the 
yl blocking group 21 at Rl, 
y above the plane of the 
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FIGURES 5A-5C show the different transition orientations 

possible for a d&Klisubstirated olefin, namely cjs-methylstyrcne, which are 

possible during epoxidation of the double bond 

FIGURE 5A shows the favored orientation, i.e. the orientation 

with the least steric hindrance between the olefin and the blocking groups of 
the catalyst. This orientation results when the double bond approaches the 
oxygen atom from the front (as shown). This orientation results in the 
formation of the 1R2S enantiomer of the cjs-fl-methylstyreneoxide. 

FIGURE 5B shows an orientation wherein methylstyrene has 
been rotated 180 degrees thus bringing the phenyl group of the styrene closer 
to the t-butyl groups 15 and 17 at the XI and X3 positions. It is expected tha 
steric hindrance between the phenyl group of the styrene 25 and the t-butyl 
groups 15 and 17 would disfavor mis orientation. 



FIGURE 5C shows an orientation resulting from the double 
bond approaching the oxygen atom from behind (as shown). This orientation 
results in the formation of the 1S.2R enantiomer of the sis-B-methylstyrene 
oxide. In this orientation the phenyl group of the styrene 25 is closer to the 
phenyl group 23 on the R4 she. Steric hindrance between these two phenyl 



thus disfavor synthesis of the 1S,2R enantiomer. 

In contrast, the orientation shown in FIGURE 5A results 
an approach from the front, Le. the side where the Rl phenyl group 21 is 
below the plane of the catalyst, and thus not in the way. For this reason, the 
approach depicted in FIGURE 5A is sterically favored, and thus synthesis of 
the 1R,2S enantiomer is favored. 



It should be borne in mind that, although the above-described 
mechanism accurately predicts the high degree of enantioselectivity observed in 
the catalysts of the present invention, die mechanism is at present only a 
theory. As such, the proposed mechanism should in no way limit the scope of 
the present invention as defined by the appended claims. 
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It is noted that synthesis of the 1S,2R enantiomer of the cjs-B- 
methylstyrene oxide is favored by using the S,S enantiomer of the catalyst. 

It is also noted that this most preferred catalyst has C 2 
symmetry, Le. it is identical when rotated 180 degrees. Consequently, 
whether the oxygen atom is aligned on the top of the catalyst as shown, or the 
bottom of the catalyst, the result is exactly the same. 

In alternative embodiments, the catalyst has only approximate C, 
symmetry. In particular, as per the roles described above, the groups are 
positioned on R1-R4 so that when rotated 180°, the blocking groups are in the 
same place and the non-blocking groups are in the same place. Consequently, 
the enantioselectivity of the catalyst is maintained because the oxygen can be 
complexed to either side of the catalyst while achieving roughly the same 
aerie hindrances which favor the approach of the prochiral olefin from one 
side. 

In other alternative embodiments, the catalyst has only one non- 
blocking group. As a result, there is a favored approach only when the 
oxygen is aligned on one side of the catalyst Thus, the enantioselectivity of 
the catalyst is maintained. 



20 



lbs Srrnti 1 Afii*** of thft Isoa 

In accordance with the second aspect of the present invention, 
the chiral catalyst is made with a binaphthyl diamine and has the following 
general structure (see also FIGURE 3): 



-20- 

In this binaphthyl embodiment, the transition metal ion M and 
the anion A are preferably selected from the same group as that discussed 
above with FIGURE L Also as above, it is required that at least one of XI 
and X2 together with at least one of X3 and X4 are occupied by a group 
selected group of blocking substituents consisting of secondary or tertiary alkyl 
groups, aryl groups, silyl groups, and alkyl groups bearing hetereatom 
substituents such as alkoxy or halide. Preferably, it is the XI and X3 sites 
which bear one of these substituents. More preferably, XI and X3 bear the 
same substituent, which substituent is most preferably a tertiary alkyl group, 

such as tertiary butyl. 

The substituents on the Y3 and Y6 sites affect the conformation 
of the ligand and thus have an influence on enantioselectivity in the 
epoxidation. Preferably, Y3 and Y6 are hydrogen, methyl, alkyl, or aryl. 
More preferably, they are hydrogen or methyl. Most preferably, they are 
hydrogen. 

The substituents Zl and Z2 affect the differentiation between the 
feces of the proposed metal oxo and thus have an influence on 
enantioselectivity in the epoxidation. Preferably, Zl and Z2 are hydrogen, 
ethyl, alkyl, silyl, or aryl. More preferably, they are alkyl or aiyl groups. 

The Yl, Y2, Y4, and Y5 sites on the catalyst of this second 
aspect are also seen to be less critical. As above, these sites are preferably 
occupied by hydrogen, although these sites may also be occupied by 
substituents independently selected from the group consisting of hydrogen, 
halides, alkyls, aryls, alkoxy groups, nitro groups. 

As can be visualized, this binaphthyl alternative embodiment 
effects the same enantioselectivity as that of the preferred catalysts shown in 
the other figures. In particular, the configuration of the binaphthyl ligand 
provides for one of the naphthyl groups to be above the plane of the catalyst 
and the other naphthyl group to be below the plane of the catalyst, thereby 
favoring a pp r oach to the oxygen atom from one side. 
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The Third Aspect of the Invention 

FIGURE 6 shows the structure of the third aspect of the present 
invention. In accordance with this aspect, the chiral catalyst has the following 
structure: 
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As with the first and second aspects, M is a transition metal ion 
selected from the group mentioned above, with Mn being the most preferred. 

likewise, A is an anion selected from the group mentioned 
above, with CI being most preferred. 

Also, n can be 0, 1, or 2, but 0 is the most preferred. 
As with the first and second aspects, there is a blocking substi- 
tuent on either XI or X2 or on both. This blocking substituent is selected 
from the group consisting of aryls, primary alkyls, secondary alkyls, tertiary 
alky Is, and hetero atoms. There is also a blocking substituent selected from 
the same group on either X3 or X4 or on both. Preferably, the blocking 
substituents are at XI and X3. More preferably they are the same group, and 
most preferably the blocking substituents are tert-butyl. 

As a point of difference with die first aspect, the third aspect 
requires a blocking substituent located at the following positions: at least one 
of Yl and Y2, and at least one of Y4 and Y5. These blocking substituents are 
selected from the group as those for X1-X4, namely die group consisting of 
aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero atoms. The 
tnce of these "side" blocking substituents will be discussed below. 
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In this third aspect, substituents Y3 and Y6 are independently 
selected from the group consisting of hydrogen and primary alkyl groups. 
Preferably, Y3 and Y6 are hydrogen. 

Also in this third aspect, at least one of Rl, R2, R3 and R4 is 
5 hydrogen. Where Rl is hydrogen, R3 is a primary alkyl. Where R2 is 
hydrogen, R4 is a primary alkyl. Where R3 is hydrogen, Rl is a primary 
alkyl. Finally, where R4 is hydrogen, R2 is a primary alkyl. Preferably, Rl 
and R4 are both hydrogen and R2 and R3 are primary alky Is. Most 
preferably, R2 and R3 are methyl groups. 
10 As can be seen, the catalyst of this third aspect is similar to the 

catalyst of the first aspect with the exception that the third aspect requires 
blocking substituents at the side positions of the catalyst, i.e. on the Yl and/or 
Y2, and Y4 and/or Y5 sites. Also, either one or two of Rl, R2, R3 and R4 is 
required to be an hydrogen, with the remaining substituents at the R sites 



IS required to be primary alkyls in the defined arrangement. The importance of 
this configuration and the proposed mechanism for the second catalyst are 
discussed below in connection with FIGURE 10. 



The Fourth Aspect of the Ii 

FIGURE 7 shows the structure of a catalyst of the fourth aspect 
20 of the invention. This catalyst has the following structure: 
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In this embodiment, the transition metal, M v and the anion, A, 
are selected from the same groups as above, with the same preferences. 

Likewise, the substituents at XI, X2, X3, X4, Yl, Y2, Y4, and 
Y5 are selected from the same groups as in the second catalyst described 
above with the same preferences. In other words, this embodiment requires 
blocking substituents at the "bottom 11 and "sides" as does the second catalyst 
Most preferably, XI, X3, Yl, and Y4 are all t-butyl. 

The requirements and preferences for Y3 and Y6 are the same 
as with the third aspect. Preferably, Y3 and Y6 are hydrogen. 

As can be seen, this catalyst of the fourth aspect of the invention 
includes a ring attached to the two nitrogen atoms, which ring is n+2 carbons 
long. In this catalyst, n can be 3, 4, 5 or 6. The carbons in the "Q," portion 
can have substituents selected from hydrogen, alkyl, aryl, and hetero atoms. 
Preferably, the substituents on the carbons in the w C n w portion are hydrogen. 

In this fourth aspect, Rl and R4 are configured so as to be trans 
to each other. Also, Rl and R4 are selected from the group consisting of 
primary alkyls and hydrogen. Preferably, Rl and R4 are the same. Most 
preferably, both Rl and R4 are hydrogen. Most preferably, this catalyst is 
used to epoxidize cis-cinnamate derivatives (see below). 
20 Conceptually, the carbons in the ring which are adjacent the 

carbons which in turn are adjacent the nitrogen atoms are attached to what 
were shown as the R2 and R3 sites in the third aspect (FIGURE 6). Thus, this 
fourth aspect is, in some respects, a subset of the third aspect with the two 
aids of the n carbon chain (a primary alkyl) being attached to die R2 and R3 
25 sites. 

One distinction between the third and fourth aspects is that the 
catalyst of the fourth aspect has Rl and R4 which can be either hydrogen or a 
primary alkyl. 

FIGURE 8 shows a preferred embodiment of this fourth aspect 
30 of the invention. As can be seen in this embodiment, the ring is six- 

membered, that is, n*4. Also, Rl and R4, which are flaflS to each other, are 
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hydrogen. XI, X3, Yl, and Y4 arc all t-butyl. All other substitucnts arc 
hydrogen. 

FIGURES 9 and 10 illustrate the distinction between the 
mechanism proposed for the first and second aspects of the invention and the 
proposed mechanism for the third and fourth aspects. 

FIGURE 9, representing the first and second aspects, shows the 
proposed favored approach of the prochiral olefin. Approach c is believed to 
be disfavored by the bulky t-butyl groups. Approach d is similarly 
unfavorable, due to the steric bulk of the phenyl groups on the catalyst 
Approaches a and b are differentiated by the dissymmetry of the catalyst As 
shown in the depicted embodiment, because the phenyl to the left is below the 
page and the phenyl to the right is above the page, it is predicted that approach 
b will be less favorable due to steric interactions between the olefin and the 
phenyl group. In the context of the more favored approach from the left 
(approach a), it is predicted that the more favorable approach of the olefin to 
the oxo group is such that the larger substituent on the olefin is oriented away 
from the t-butyl groups on the catalyst 

FIGURE 10, representing the third and fourth aspects of the 
invention, shows the proposed favored approach of the olefin when the catalyst 
has side blocking groups. It is believed that, because of the side t-butyl 
groups at Yl and Y4, the approaches a from the left and fe from the right are 
disfavored. likewise, because of the bottom blocking groups at XI and X3, 
the approach c from the bottom is also disfavored. Thus, approach d from the 
top is favored. In addition, because of the chirality of the catalyst, the 
orientation of the prochiral olefin is also influenced. As shown in this 
depicted embodiment, because of greater steric hindrance on the right, the 
olefin is predicted to orient itself with the larger group on the left. 

Because approach d is theorized to be die favored approach, the 
groups at Rl and R4 are limited to hydrogen and primary alky Is. In other 
words, it is believed that larger groups would block the approach d. 
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It should be noted that, although the above discussion is 
t with the observed results, the proposed mechanism for all four 



aspects of the invention is only theorized at this point Consequently, the 
explanation is not to be viewed as limiting the scope of the invention as 
defined in the appended claims. 

The preferred route to prepare the chiial catalysts of the present 
invention is a condensation reaction with the substituted salicylaldehyde and 
the substituted diamine. In general, quantities of these compounds are reacted 
in a 2 to 1 molar ratio in absolute ethanol. The solutions are refluxed 
typically for 1 hour, and the salen ligand is either precipitated in analytically 
pure form by addition of water, or the metal complex is generated directly by 
addition of the metal as its acetate, halide, or triflate salt. 

The following procedure is general for the preparation of: 



Ph Ph 



Ph Ph 



X, X{ 
(S.S) 



y/ 



Y,=Y«seUcyl 
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The salen ligand is redissolved in hot absolute ethanol to give a 0.1 M 
solution. Solid Mn(OAc)^4H 2 0 (2.0 equivalents) is added in one portion and 
the solution is refluxed for 1 h. Approximately 3 equivalents of solid liCl are 
then added and the mixture is heated to reflux for an additional 0.5 h. 
Cooling the mixture to 0°C affords the Mn(m) complex 1 as dark brown 
crystals which are washed thoroughly with HjO and isolated by filtration in 
»75% yield. An additional crop of material can be obtained by drppwise 
addition of H 2 0 to the mother liquor. Combined yields of catalyst are 89-96% 
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for this step, and 81-93% overall from the optically pure 1,2-dfchenylethylene 
diamine. Acceptable C, H, N, CI, and Mn analyses of each of the catalysts 
have been obtained (±0.4%), although these vary according to the extent of 
water and ethanol incorporation in the powdery product. Enantioselectivities 
5 in the epoxidation reactions did not vary among different batches of a given 
catalyst, indicating that the solvent content of the catalysts does not influence 
its effectiveness. 

Another example of the method of preparing the catalyst is 
described as follows: Most preferably, the starting diamine is R,R- or S,S- 
10 1 ,2-diamino-l ,2-diphenylethane and the starting salicylaldehyde is 3-tert-butyI- 
salicylaldehyde. 

A solution of 2.0 mmol of 3-tert-butylsalicyIaldehyde in 3 ml of 
absolute ethanol is added dropwise to a solution of 1.0 mmol of (R,R)-1 ,2- 
diamino-l, 2-diphenylethane in 5 ml of ethanol. The reaction mixture is heated 

15 to reflux for 1 h and then 1.0 mmol of MnfOAc^HjO is added in one 

portion to the hot (60°C) solution. The color of the solution immediately turns 
from yellow to brown upon addition. It is refluxed for an additional 30 min 
and then cooled to room temperature. A solution of 10% NaCl (5ml) is then 
added dropwise and the mixture stirred for 0.5h. The solvents are then 

20 removed in vacuo and the residue is triturated with 50 ml of CH 2 C1 2 and 50 ml 
of H 2 0. The organic layer is separated and the brown solution was washed 
with saturated NaCL Separation of the organic phase and removal of solvent 
resulted in a crude material which was recrystallized from C 6 H^C 6 H 14 to give 
0.938 mmol of die (R,R)-catalyst shown above (93.8%). 

25 In accordance with the epoxidation method aspect of the 

invention, the prochiral olefin, an oxygen atom source, and the chtral catalyst 
are reacted under such conditions and for such time as is needed to epoxidize 
said olefin. 

The prochiral olefin can be selected from mono-substituted, 1,1- 
30 disubstituted, fl£-l,2-disubstituted, fians-l ,2-disubstituted, trisubstituted, and 
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tetrasubstituted. Of these, the monosubstituted and cis-l ,2-disubstituted have 
shown die highest ee values. 

Preferably, the prochiral olefin to be epoxidized is selected from 
the group consisting of g&-disubstituted olefins, including cyclic olefins, bear- 
5 ing a stericaQy demanding substituent on one end and a smaller substituent on 
the other end. More preferably, the prochiral olefin is a sis disubstituted 
olefin with a primary substituent on one side of the double bond and a 
secondary, tertiary, or aryl substituent on the other side* 

The prochiral olefin can also be selected from the group 
10 consisting of enamines, enols, and alpha, beta-unsaturated carbonyls. More 
preferably, the prochiral olefin is selected from the group consisting of cis-fl- 
methyl-styrene, dihydronaphthalene, 2-cyclohexenyl-l , 1-dioxolane, propylene, 
styrene and 2,2-dimethylchromcne. Most preferably, the prochiral olefin is 
£i&-fl-methylstyrene. 

15 The oxygen atom source used in the epoxidation reaction should 

be an oxidant which is relatively unreactive toward olefins under mild 
conditions. Preferably, the oxygen atom source is selected from the group 
consisting of NaOCl, iodosylmesitylene, NaI0 4 , NBu 4 I0 4 , potassium 
peroxymonosulfate, magnesium monoperoxyphthalate, and hexacyanofenate 

20 ion. More preferably, the oxygen atom source is selected from the group 

consisting of NaOCl and iodosomesitylene. For economic reasons, the most 
preferred oxygen atom source is NaOCl. 

A preferred method uses NaOCl as the oxygen atom source. 
For convenience this method will be designated METHOD A. The details of 

25 METHOD A are as follows: 

A solution of 0.05 M Na^A 100,0 (1.0ml) is added to a 2.5 
ml solution of undiluted commercial household bleach (Chlorox). The pH of 
the resulting buffered solution is approximately 9.5, and it is adjusted to a pH 
of about 10.5 by addition of a few drops of 1 M NaOH solution. To this 

30 solution is added a solution of 0.02 mmol of die preferred catalyst and 1.0 

mmol of sis B metfaylstyrene in 2.0 ml of CH 2 C1 2 . The two-phase mixture is 
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stirred at room temperature and the reaction progress is monitored by capillary 
gas chromatography. After approximately 3 hours, 10 ml of CHjCl, is added 
to the mixture and the brown organic phase is separated, washed twice with 10 
ml HjO and once with 10 ml saturated NaCl solution, and then dried for 15 
minutes over anhydrous NajS0 4 . The solution is filtered and solvent is 
removed under vacuum. The residue is purified by flash chromatography on 
silica gel using a 20:80 mixture of CHjCkhexane as the eluting solvent Pure 
epoxide is isolated as a colorless liquid in 10% yield (0.70 mmol) by 
combination of the product-containing fractions and removal of solvent undi 
vacuum. The optical purity of this material is determined to be 85 % ee by the 
method described below. 

In a slightly less preferred embodiment, iodosylmesitylene is 
used as the oxygen atom source. For convenience, this method is designated 
as METHOD B and has the following preferred details: A solution of 1.0 
mmol of olefin, 8 ml CE 2 Cl 2 and 0.04 mmol of the catalyst are stined at room 
temperature as solid iodosomesitylene is added in 0.3 mmol portions at 15-30 
minute intervals. Disappearance of starting olefin is complete after addition of 
6 portions (1.8 mmol) of total iodosylmesitylene. Solvent is removed in 
vacuo, the residue is extracted with hexane, and the mixture was filtered 
through Celite to remove catalyst and other solids. Pure epoxide was obtained 
by flash chromatography (lOg Si0 2 , CH 2 Cl 2 /hexane 20:80 eluent). 
Enantiomeric excesses are determined by 1H NMR using Eu(hfc)3 as a chiral 
shift reagent, or in the case of stilbene oxide by direct separation by HPLC on 
a commercial (Regis) covalently-bound leucine Kride column. Absolute 
configurations were assigned by comparison of aD with accepted literature 
values. 

An alternative method also uses a pyridine-N-oxide derivative as 
a coordinating ligand, in addition to NaOCl as the oxygen source. More 
preferably, 4-phenylpyridine-N-oxide or 4-t-butyl] 
Even more preferably, 4-phenylpyridme-N-oxide 



WW 


vm 




hi 



WO 93/03838 



PCT/US92/07261 



10 



15 



20 



-29- 

Thc trans-epoxide is a significant (about 25%) by-product of the 
epoxidation reaction. Preferably, the mixture of diastercomeric products is 
enriched in the desired cis- form by flash chromatography. Even more 
preferably, for laige scale batches, no chromatography is not performed. 

The next steps are shown in Scheme 2. 



SchMM2 



EtOH 

too*c 



1}WO«]» 



KH 2 O 
70% 



75% 



t >phCoa 

N«HCO, 
2)KCi 



70% 



Hie epoxide mixture is reacted with ammonia in ethanol, which results in 
regioselective ring-opening to the desired 3-phenyl-isoserine amide derivative. 
Preferably, very little regioisomer is detected in the crude amide mixture by 
'HNMR. Next, diastereomerically pure 3-phenyl-isoserinamide is isolated by 
recrystallization of the crude product mixture. For convenience this method 
will be designated METHOD C. The details of METHOD C are as follows: 

A solution of 0.05 M Na*BA • lOHaO (l.Oml) or other 
suitable buffer such as phosphate is added to a 2.5 ml solution of undiluted 
commercial household bleach (Chlorox?). The pH of die resulting buffered 
solution is approximately 9.5, and it is adjusted to a pH of about 10.5-11 J by 
addition of a few drops of 1 M NaOH solution and cooled in an ice bath to 
about 0-4° C. A separate solution of 10 mmol of alkene and 2.0 mmol (or 20 
mol%) of a pyridine-N-oxide derivative are dissolved in 10 ml of CH^Cl* 
Next, 0.05-0.6 mmol (0.5-6 mol%) of catalyst 1 or 2 were added to the alkene 
solution and 



VBu t-Bu 
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cooled separately in an ice bath. When the two solutions were at 0-4° C, they 
were combined, and the two-phase mixture was stiired. The reaction progress 
was monitored by capillary gas chromatography. After about one to five 
hours, 200 ml of hexane was added to the mixture and the organic phase was 

5 separated, washed twice with 100 ml HjO and once with 100 ml saturated 
NaCl solution, and then dried for 15 minutes over anhydrous NajSO«. The 
solution is filtered and solvent is removed under vacuum. The residue is 
purified by chromatography, distillation or crystallization. Pure epoxides were 
isolated, and the optical purity of the materials were determined as described 

10 in more detail below. 

^fftfhnri of Chromf.ne Epmddation 

As noted above, the present invention is a method of using a 
chiral catalyst to epoxidize a chromene derivative, thus producing an 
epoxychroman. The structure of the chromene derivative is as follows: 




wherein Rl, R2, R3, R4, XI, X2, X3, and X4 are each selected from the 
group consisting of hydrogen, aryls, primary alkyls, secondary alkyls, tertiary 
alkyls, and hetero atoms, and wherein no more than one of Rl and R2 are 
hydrogen. 
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It has been found that when both Rl and R2 arc hydrogen, i.e. 
when the chromene is not substituted at the Rl and R2 locations, the epoxide 
is not formed (see Example 24 below). 

Preferably, Rl and R2 are the same group. In this situation, the 
chromene derivative is prochiial. 

Also, the chromene derivative preferably includes an alkyl group 
at both Rl and R2. More preferably, the chromene derivative includes a 
methyl group at Rl and R2. Most preferably, the chromene derivative is 6- 
cyano-2 ,2-dimethy lchromene, namely the precursor for making cromakalim. 
As mentioned above, this most preferred chromene derivative can be epoxid- 
ized with a remarkably high degree of enantioselectivity to the epoxychroman 
useful in producing enantiomerically pure cromakalim (see Example 17 
below). 

As noted above, this embodiment of the present invention has 
been found to produce remarkable enantioselectivity in the epoxidation of 
chromene derivatives. In addition, the catalysts of the present invention have 
been found to provide remarkably high yields (See Examples 17-23, and 25 
below). The catalyst of the fourth aspect (FIG. 8) above is the most preferred 
catalyst used in the present method. Experiments have shown that when a 
racemic mixture of the chiral catalysts are used in die reaction that relatively 
high yields of a racemic mixture of the epoxychromans are achieved. 
Consequently, in accordance with a less preferred embodiment of die 
invention, when a racemic mixture of the epoxychromans is desirable or 
acceptable, a racemic mixture of the chiral catalyst is used with the chromene 
derivatives. Nevertheless, because enantiomerically pure epoxychromans are 
typically highly desirable, particularly as synthetic precursors, enantiomerically 
pure chiral catalysts are clearly preferred. 

In accordance with the epoxychroman synthetic method of the 
present invention, the chromene derivative, an oxygen atom source, and the 
chiral catalyst are reacted under such conditions and for such time as is needed 
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to epoxidize said chromene derivative. Alternatively, a pyridine-N-oxide 
derivative is added to the reaction mixture. 

The oxygen atom source used in the epoxidation reaction should 
be an oxidant which is relatively unreactive toward olefins under mild 

5 conditions. Preferably, the oxygen atom source is selected from the group 
consisting of NaOCl, iodosylmesitylene, NaI0 4 , NBuJO*. potassium peroxy- 
monosulfate, magnesium monoperoxyphthalate, HA, peroxybenroic add 
derivatives, and hexacyanoferrate ion. More preferably, the oxygen atom 
source is selected from the group consisting of NaOCl and iodosylmesitylene. 

10 For economic reasons, the most preferred oxygen atom source is NaOCL 

In the most preferred method for chromene epoxidation, NaOCl 
is the oxygen atom source, as described above for METHOD A. In a shghtly 
less preferred embodiment, iodosylmesitylene is used as the oxygen atom 
source, as described above for METHOD B. Alternatively, a pyridine-N- 

15 oxide derivative and NaOCl are used, as described in METHOD C. 

Method of Epoxidation of cis-Cinnamate Derivatives and 

preparation o f Jmed Internyttfiaft'-? P nd Analogs 

As a first step in the synthesis of the C-13 side chain of taxol, 
commercially available ethyl phenylpropiolate is partially hydrogenated to cis- 
20 ethyl cinnamate over commercial Lindlar's catalyst (Scheme 1 below). 
Because the reaction was observed to be more enantioselective, ethyl 
phenylpropiolate is preferred over methyl phenylpropiolate as a starting 
rial. 



o 



H 2 Ph pOjEt NaOCt 

Ph C 



Schemsl 4. Phi>y O(0iS.quiv.) g^^y 

(♦ 19% trans isomer) 

25 The cis-ethyl rT nn! " liatp - thus obtained has bear observed to 

contain small amounts (about 5 %) of overreduced material and starting alkyne. 
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However, these impurities do not appear to interfere with subsequent steps and 
axe easily removed later in the synthetic sequence. 

Next, cis-ethyl cinnamate is epoxidized with commercial bleach 
in the presence of one of the chiral catalysts discussed above as the first, 
5 second thiid and fourth embodiments of the invention. Most preferably, the 
fourth embodiment of the invention (the (R,R) 5 catalyst of Figure 8) is 
employed and is shown below: 



In the presence of this enantioselective catalyst, the cis-ethyl cinnamate was 
10 observed to epoxidize to the (R,RM+) enantiomer of the cis-epoxide. 



mixture. This coordinating ligand appears to markedly enhance reaction 
completion and enantioselectivity. With the use of 4-phenylpyridine-N-oxide , 



N-oxide may be used, but 4^)henylpyridine-N-oxide is preferred. 

The trans-epoxide is a significant (about 25%) by-product of the 





15 




20 





1) phcoa 

NaHC0 3 



2)HCI 



70% 
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The epoxide mixture is reacted with ammonia in cthanol, which results in 
regioselective ring-opening to the desired 3-phenyl-isoserine amide derivative. 
Very little regioisomer has been detected in the crude amide mixture by l H 
NMR. Next, diastereomerically pure 3-phenyl-isoserinamide was isolated by 
recrystallization of the crude product mixture. 

The 3-phenyl-isoserinamide is hydrolyzed to remove die amide 
group. Preferably, the hydrolysis is effected without epimerization. Even 
more preferably, the hydrolysis is effected by using BaCOH^ in water* 

Next, the hydrolyzing salt is acidified and precipitated. 
Preferably, if Ba(OH)^ salt is used for hydrolysis, it is next precipitated out of 
the solution by addition of sulfuric acid. 

Next, 3-phenyl-isoserine is obtained directly by crystallization of 
the product mixture. This enantiomerically enriched 3-phenyl-isoserine is used 
to prepare a wide variety of taxol analogs. Preferably, the taxol side chain 
benzoyl derivative is prepared from 3-phenyl-isoserine. 

* 

The taxol side chain is prepared by adding to the 3-phenyl- 
isoserine formed above benzoyl chloride and sodium bicarbonate in an acid 
two-phase reaction. Subsequently, the benzoic acid by-product is extractively 
removed by stirring the solid product mixture with ether and ethanol. Finally, 
pure N-benzoyl-3-phenyl-isoserine is collected by filtration. The material thus 
ob tained was determined by polarimetry to have an ee of more than 97% and 
to have the same absolute configuration as the side chain from natural taxoL 

The N-benzoyl-3-phenyl-isoserine is reacted to produce N- 
benzoyW>(l-ethoxyethyI)-3-phenyl-isoserine, which in turn is reacted with a 
tertiary amine activating agent and 7-triethylsilyl baccatin HI to form a C-2', 
C-7-protected taxol derivative. This derivative is treated with add in ethanol 
to produce taxol. 

While not wishing to be bound by this theory, it appears that 4- 
phenylpyridine-N-oxide effectively increases the success of the 
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enantiomerically selection and complete epoxidation of cis-ethyl cinnamate to 
the (R,RH+)-enantiomer of the cis-epoxide. In the absence of 4-phenyl- 
pyridine-N-oxide, epoxidation is 10-15% less selective and is less complete, 
even when 15-20 mol% more catalyst is used. Control experiments indicated 
that the py ridine-N-oxide derivative did not act as the oxygen-atom source, but 
rather as a coordinating ligand. It appears that coordination of pyridine-N- 
oxide derivative to the mildly Lewis acidic Mn(H[) and/or Mn(V) oxo 
intermediate helps prevent the metallic center from remaining complexed with 
by the carbonyl functionality on the substrate in a non-product coordination 
mode. Thus, the pyridine-N-oxide derivative appears to prevent 
decomposition reactions and improve catalyst stability with certain olefins, 
although not all olefins. 

Hie enantioselectivity of the reaction was also found to be quite 
sensitive to the identity of the ester group on the starting material, with cis- 
methyl cinnamate being epoxidized under similar conditions as cis-ethyl 
cinnamate, but in only 87-89% enantiomeric excess. 

The advantages of this synthetic method are that it begins with 
commercially available ethyl phenylpiopiolate and employs hydrogen gas, 
household bleach, ammonia and barium salts as stoichiometric reagents. 
Another advantage is the high optical and chemical purity of N-benzoyl-3- 
phenyl-isoserine. As will become apparent in the examples 29 to 39 below, 
the yields of each of the individual steps are acceptable for a commercially 
feasible process, even though they have not yet been completely optimized. 
The catalytic specificity, procedural simplicity, inexpensive reagents and 
avoidance of preparative chromatographic separations renders this synthetic 
method a most practical route to enantiomerically pure 3-phenyl-isoserine 
derivatives. 



Method Qf Sulfite Oxidation 
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As noted above, the present invention is a method of using a 
chiral catalyst to enantioselectively oxidize a sulfide to a sulfoxide. The 
method involves reacting a sulfide, an oxygen atom source, and a chiral 
catalyst under the proper conditions to oxidize the sulfide. Preferably the 
sulfide has the formula R1-S-R2 where Rl is any aromatic group and R2 is 
any alkyl group. Preferably, the oxygen atom source is hydrogen peroxide or 
iodosylbenzene and preferably, a cosolvent such as tetrahydrofuran, acetone, 

or acetonitrile is used. 

As described above, for enantioselective epoxidation by the 

(salen)Mn catalysts, aqueous sodium hypochlorite was used as the 

stoichiometric oxidant. However, the reaction between sulfides and sodium 

hypochlorite was too rapid for this oxidant be useful for enantioselective 

sulfide oxidation reactions. Iodosylbenzene was tried because iodosylarenes 

react slowly with sulfides. It was found that iodosylbenzene did indeed serve 

as an effective oxygen atom source. However, iodosylarenes are impracticable 

as stoichiometric oxidants due to their instability in the solid state, their lack of 

solubility, their relatively high cost and the high molecular weight of the 

byproduct of oxygen transfer, an iodoarene. 

Hydrogen peroxide was determined to be a good oxidant for 
sulfide oxidation. Hydrogen peroxide gave higher yields of sulfoxide, min i m a l 
overoxidation to sulfone and identical enantioselectivities to those observed 
with iodosylbenzene. This suggests that both oxidants generate a common 
Mn(V) oxo reactive interm ediate . 

To facilitate the reaction, a cosolvent was used. The cosolvent 
minimized the catalase-decomposidon of hydrogen peroxide by the catalysts 
and a complete conversion of sulfide was accomplished with less than 6 

equivalents of oxidant 

Generally, catalysts derived from 1 ,2-diaminocydohexane and 
1 ,2-diphenylethylene diamine were more selective than those prepared from 
other synthetically less accessible diamines. FIGURES 19 and 20 show the . 
structures of die preferred catalysts. Specific catalysts based on these, were 
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tested for asymmetric sulfide oxidation and Example 40 lists the results of the 
tests. 

Catalytic Disproportionation of Hvdropen Peroxide 

As mentioned above, the decomposition of hydrogen peroxide 
5 into oxygen and water is a biologically important process. All of the catalysts 
described so far are useful in the catalytic disproportionation of hydrogen 
peroxide. However, for this particular reaction, the catalysts do not have to 
. be chiral. Thus, any catalyst having the following formula will function in the 
decomposition reaction: 




10 wherein M is a transition ion, A is an anion, n is either 0, 1, or 2 and XI 
through X14 are independently selected from the group consisting of 
hydrogen, halides, alkyls, aryls and alkyl groups bearing hetero atoms. 

The catalysts of the present invention are stable, easy to 
synthesize, have a low molecular weight and a high catalytic activity. In fact 

15 their catalytic activity is comparable to any synthetic catalase mimic developed 
to date. The preferred catalysts are the monometallic (salen)Mn complexes 
shown in FIGURES 22 and 23. 

To carry out the disproportionation reaction, the catalyst is 
mixed with a solvent such as EtOH, acetone, CHjCl 2 , or H 3 0 and then 

20 hydrogen peroxide is added. 
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The following examples are provided by way of explanation and 
illustration. As such, these examples are not to be viewed as limiting the 
scope of the invention as defined by the appended claims. 
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Preparation of the Catalysts 

Procedures for the Preparation of Cbiral Salen Based Catalysts 

Preparation of: 




5 (R40-l,2-DiphenyI-l>bis(3-tert-butylsaIicyndeamino)ethanel21. 

A solution of 360.5 mg (2.0 mmol) of 3-tert- 
butylsalicylaldehyde in 3 ml of EtOH was added dropwise to a solution of 
212.3 mg (1.0 mmol) of (R,R)-1 ,2-diamino-l ,2-diphenylethane in 5 ml of 
EtOH. The reaction mixture was heated to reflux for 1 h and water (5 ml) 

10 was added. The oil that separated solidified upon standing. Kecrystallization 
from MeOH/HjO gave 485.8 mg (91 %) of yellow powder, mp 73-74°C. 'H 
NMR (CDC1 3 ) 5 1.42 (s, 18H, CH,), 4.72 (s, 2H, CHN=C), 6.67-7.27 (m, 
16H, ArH), 8.35 (s, 2H, CH=N), 13.79 (s, 2H, ArOH) ppm; 13C NMR 
(CDC1 3 ) S 29.3, 34.8, 80.1, 117.8, 118.5, 127.5, 128.0, 128.3, 129.6, 130.1, 

15 137.1, 139.5, 160.2, 166.8 ppm. Anal. Calcd. for C^H^oN^. C, 81.17; H, 
7.57; N, 5.26. Found: C, 81.17; H, 7.60; N, 5.25. 

((R,R^l,2-Diphenyl-l,2-bis(3-tert-butylsaUcyUdeamino)ethflne)- 
manganesedD Complex (3). 

Under strictly air-free conditions, a solution of 64.0 mg (1.6 
20 mmol) of NaOH in 2 ml of MeOH was added dropwise to a solution of 426. 1 
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mg (0.8 mmol) of 12) in 5 ml of EiOH with stimng under an atmosphere of 
nitrogen. A solution of 196.1 mg (0.8 mmol) of Mn(OAcV4H 2 0 in 3 ml of 
MeOH was added rapidly and the orange mixture was stirred for 24 hr. The 
solvent was removed in vacuo and the residue was stirred with 5 ml of 
5 benzene and filtered to remove NaOAc. The filtrate was concentrated to about 
1 ml and 3 ml of hexane was added. The mixture was cooled to -30°C and 
the precipitate was collected by filtration to give 410.2 mg (87%) of orange 
powder. Anal. Calcd. for QjH^MnNjOj-CCHjOH) 0.5; C, 72.86; H, 6.70; 
N, 4.66. Found: C, 73.05; H, 6.76; N T 4.39. 

* 

10 ((R^)-l^Diphenyl-l,2-bis(3-tert-butylsaUcyUdeamm 
manganesedll) Hexafluorophosphate ((R,R)-1). 

A solution of 165.5 mg (0.5 mmol) of fenocenium hexafluoro- 
phosphate in 2 ml of CH 3 CN was added dropwise to a solution of 292.8 mg 
(0.5 mmol) of 131 in 3 ml of CH 3 CN under N 2 . The reaction mature was 

15 stirred for 30 min and the solvent was removed in vacuo. The residue was 
triturated with 5 ml of hexane and filtered. The solid was then washed with 
hexane until the filtrate was colorless and dried under vacuum to give 360.5 
mg (93%) of H! as a brown powder. IR (CH^Cy 2955, 1611, 1593, 1545, 
1416, 1389, 1198, 841 cm" 1 . Anal. Calcd. for C 36 H 38 F6MnN 2 0 2 P* (H 2 0)1.5 • 

20 (CH 3 CN)0.5: C, 56.93; E, 5.30; N, 4.57. Found: C, 57.11; H, 5.50; N, 
4.50. 
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H Ph 




SIPhjMc MePh 2 SI 




Hie salicylaldehyde derivative £41 was prepared by the following sequence 
using well-established procedures in each step: 



J^*r *-*r«.u JL ww , r * • T -iO« 0"V o OH 

U r^r Or * u^*™, j^^,^ 

4 



(R^H^Diphenyl-l>bis(3-diphenylm^MylsaUiyUdeanmo)ethane(5). 

A solution of 348.3 mg (1.09 mmol) of £4) and 116.0 mg 
(0.546 mmol) of (R,R)-1 ,2-diamino-l ,2-diphenylethane in 5 ml of etbanol was 
heated to reflux for 0.5 h. A bright yellow oil separated from the solution and 
10 it solidified upon standing. The mixture was filtered and the yellow solid was 
washed with 2 x 5 ml ethanol. The isolated yield of product pure by *H NMR 
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10 



analysis was 416 mg (97%). >H NMR (CDClj) 80.95 (s, 3H), 4.68 (s, 2H), 
6.72-7.55 (m, 36H, ArH), 8.37 (s, 2H), 13.34 (s, 2H) ppm. 



((R,IO-l^DiphenyW>bis(3-dipheivlmethyIdlylsaU<yli 
mang anes egD Complex {61. 



ifiKlli 



ino) ethane)- 



Under strictly air-free conditions, a solution of 32.0 mg 
(0.48 mmol) of KOH in 2 ml of ethanol was added dropwise to a suspension 
of 195 mg (0.24 mmol) of i2 in 3 ml of ethanol with stirring. The 
heterogeneous mixture was stirred for 20 min, and a solution of 51.5 mg 
(0.24 mmol) of Mn(OAc)2*4H 2 0 in 3 ml of MeOH was then added rapidly. 
The yellow-orange mixture was stirred for 8 hr. at room temperature, then 
refluxed under N 2 for 4 hr. The solvent was removed in vacuo and the residue 
was washed with 5 ml of methanol, 5 ml of ethanol, and isolated by filtration. 
The yield of orange product was 188 mg (90%). This material was used in 
the next step without any further purification or analysis. 



15 



20 



((R,R)-l,2-IMphenyW,2^ 

manganeseCUD Hexafluorophosphate ((R,R)-1(Z). 

A solution of 72 mg (0.217 mmol) of ferroceninm hexafluoro- 
phosphate in 2 ml of CHgCN was added dropwise to a solution of 188 mg 
(0.217 mml) of IQ in 3 ml of CHjCN under N 2 . The reaction mixture was 
stirred for 30 min and the solvent was removed in vacuo. The solid residue 
was then washed with hexane until the filtrate was colorless. The brown 
powder was dried under vacuum to give 201.3 mg (92%) of ££• Anal. Calcd. 
for CMH^fiMnNaOjPSi^CTCJOl.S^OajO): C, 62.77; H, 4.85; N, 4.50. 
Found: C, 62.89; H, 4.47; N, 4.57. 
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Preparation of: 




2,2'-Bis(3-tert-ButyIsrf^ 

A solution of 725 mg (4.0mmol) of 3-tert-butyl-salicylaldehyde 
5 in 6 ml of EtOH was added dippwise to a solution of 569 mg (2.0 mmol) of 
(+)-2,2*-diamino-l , 1 -binaphthyl in 5 ml of EtOH. The reaction mixture was 
heated to reflux for 8 h and then volatile materials were removed under 
vacuum. The residue was purified by flash chromatography on 80 g Si02, 
using 20% CH 2 C1 2 in hexane as eluent The mobile yellow fraction was 
10 collected and solvents were removed under vacuum to give 725 mg (1.20 
mmol, 59% yield) of the diimine as a yellow powder. 

l^'-BinaphtfayM^'-bis^tert-B^ 
Complex. 

Under strictly air-free conditions, a solution of 2 mmol of KOH 
15 in 2 ml of MeOH is added dropwise to a solution of 1 mmol of 2,2'-bis(3-tert- 
butylsalicylideamino)-! , 1 '-binaphthyl in 5 ml of EtOH with stirring under an 
atmosphere of nitrogen. A solution of 1 mmol of Mn(pAc)^4rR 2 0 in 3 ml of 
MeOH is added rapidly and the orange mixture is stirred for 24 hr. The 
solvent is removed in vacuo and the residue was stirred with 5 ml of benzene 
20 and filtered to remove KOAc. The filtrate is concentrated to dryness to afford 
the Mn(H) complex as an orange powder. 
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14^Biimpfathyl-2,2 , -bls(3-tert-ButylsaUcyUdeamino)-^ 
Hexafluorophosphate. 

♦ 

A solution of 165.5 mg (0.5 mmol) of fenocenium hexafluoro- 
phosphate in 2 ml of CH 3 CN is added dropwise to a solution of 0.5 mmol of 
5 1 ,1 '-binaphthyl-^'-bistf-tert^^ complex in 

3 ml of CH 3 CN under N 2 . The reaction mixture is stirred for 30 min and the 
solvent is removed in vacuo. Hie residue is triturated with 5 ml of hexane 
and filtered. The solid is then washed with hexane until the filtrate is colorless 
and dried under vacuum to give the Mn(HI) salt as a deep green powder. 

10 Preparation of: 




No precautions to exclude air or moisture were necessary in this 
procedure. A solution of 360.5 mg (2.0 mmol) of 3-tert-butylsalicyIaldehyde 
in 3 ml of absolute ethanol was added dropwise to a solution of 212.3 mg 

15 (1.0 mmol) of (R,R)-l,2-diamino-l,2-diphenylethanein 5 ml of ethanol. Hie 
reaction mixture was heated to reflux for 1 h and then 245.1 mg (1.0 mmol) of 
Mn(OAc) 2 «4H 3 0 was added in one portion to the hot (60°Q solution. Upon 
addition, the color of die solution immediately turned from yellow to brown. 
It was refluxed for an additional 30 min and then cooled to room temperature. 

20 A solution of 10% NaQ (5 ml) was then added dropwise and the mixture 

stirred for 0.5 h. The solvent was then removed in vacuo and the residue was 
triturated with 50 ml of CRfilj and 50 ml of HjO. The organic layer was 
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separated and the brown solution was washed with saturated NaCl. Separation 
of the organic phase and removal of solvent afforded crude material which was 
recrystallized from C&/CJl l4 to give 591 mg (0.938 mmol) of the chloride 
salt of 01 (94%). Anal. Calcd. for C J6 H 3 iCIMnNA # (H a O)0.5: C, 68.63; H, 
5 6.24; N, 4.45. Found: C, 69.01; H, 6.26; N, 4.38. 



Procedure for the preparation of the most preferred catalyst of the 
fourth aspect of the invention 

(R t R)- and (S,S)-l,2,-bisP f 5-di-tert-butylsalicylide-amino)cyclohexane 




ft® iflfi 



10 3,5-Di-t-butylsalicylaldehyde (2.0 equivalents) was added as a 

solid to a 0.2 M solution of (R,R) or (S,S) 1,2- diaminocyclohexane (1.0 
equivalent) in absolute ethanol. The mixture was heated to reflux for 1 hr. 
and then H 2 0 was added dropwise to the cooled bright yellow solution. The 
resulting yellow crystalline solid was collected by filtration and washed with a 

15 small portion of 95% ethanol. The yield of analytically pure salen ligan 
obtained in this manner was 90-97 % . 

Spectroscopic and analytical data for the salen ligand: 'H NMR 
(CDC1 3 ) 6 13.72 (s, 1H), 8.30 (S, 1H), 7.30 (d, J = 2.3 Hz, 1H), 6.98 (d, J 
= 2.3 Hz, 1H), 3.32 (m, 1H), 2.0-1.8 (m, 2H), 1.8-1.65 (m, 1H), 1.45 (m, 

20 1H), 1.41 (s, 9H), 1.24 (s, 9H). U C NMR (CDQj): 5 165.8, 158.0, 139.8, 
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136.3, 126.0, 117.8, 72.4, 34.9, 33.0, 31.4, 29.4, 24.3. AnaL Calcd for 
C^NA: C, 79.07; H, 9.95; N, 5.12. Found: C, 79.12; H, 9.97; N, 5.12. 

(R.R)- and (S,SMl>bB(3,5-dT-tert-bu<^^ 
manganeseflll) chloride. 

r 

The salen ligand immediately above is redissolved in hot 
absolute ethanol to give a 0.1 M solution. Solid Mn(OAc) 2 *4H 2 0(2.5 
equivalents) is added in one portion and the solution is refluxed for 1 hr. 
Approximately 5 equivalents of solid IiCl are then added and the mixture is 
heated to reflux for an additional 0.5 hr. Cooling the mixture to 0°C and 
addition of a volume of water equal to the volume of the brown ethanolic 
solution to afford the Mn(IH) complex as a dark brown powder which are 
washed thoroughly with H 2 0, and isolated by filtration in 81-93% yield. 
Acceptable C, H, N, CI, and Mn analyses of the catalyst have been obtained 
(±0.4%), but these vary according to the extent of water and ethanol 
incorporation in the powdery product. Enantioselectivities in the epoxidation 
reactions are invariant with different batches of a given catalyst, indicating that 
the solvent content of the catalyst does not influence its effectiveness. 

Analytical data for this catalyst: Anal. Calcd for 
C^^ClMnNA-^OH: C, 67.19; H, 8.31; CI, 5.22; Mn, 8.09; N, 4.12: 
Observed: C, 67.05; H, 8.34; CI, 5.48; Mn, 8.31; N, 4.28. 

Procedures for the Asymmetric Epoxidation of Chromene Derivatives 

Method A flfa OCl as oxvg«>p atom soured; 

A solution of 0.05 M NajB^lOHjO (1.0 ml) was added to a 2.5 ml 
solution of undiluted commercial household bleach (Qorox*). The pH of the 
resulting buffered solution was approximately 9.5, and it was adjusted to a 
pH of 10.5 by addition of a few drops of 1 M NaOH solution. To this 
solution was added a solution of about 0.005 to 0.02 mmol of the catalyst and 
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about 1.0 mmol of defin in 2.0 ml of CH 2 C1 2 . The two-phase mixture was 
stirred at room temperature and the reaction progress was monitored by 
capillary gas chromatography. Reactions were complete within approximately 
1-5 hours. After the reaction was complete, 10 ml of CH 2 C1 2 was added to the 
5 mixture and the brown organic phase was separated, washed twice with 10 ml 
H 2 0 and once with 10 ml saturated NaCl solution, and then dried for IS min 
over anhydrous Na 2 S0 4 . The solution was filtered and solvent was removed 
under vacuum. The residue was purified by standard procedures using flash 
chromatography on lOg of silica gel using a mixture of CH 3 CI 2 /hexane as the 

10 eluting solvent Pure epoxide was isolated by combination of the product- 
containing fractions and removal of solvent under vacuum. Enantiomeric 
excesses were determined by *H NMR using Eu(hfc) 3 as a chiral shift reagent, 
or in the rase of stilbene oxide by direct separation by HPLC on a commercial 
(Regis) covalently-bound leucine Pirkle column. Absolute configurations were 

IS assigned by comparison of [aJD with accepted literature values. 
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Method B flodasvlmesitvlen e as oxygen atom source) 

A solution of 1.0 mmol of olefin, 8 ml CH^Cl, and 0.04- 
0.08 mmol of the catalyst was stirred at room temperature as solid 
iodosomesitylene was added in 0.3 mmol portions at 15-30 minute intervals. 
5 Disappearance of starting olefin was complete after addition of 4 10 portions 
(1.2 to 3 equivalents) of total iodosylmesitylene. Solvent was removed in 
vacuo, the residue was extracted with hexane, and the mixture was filtered 
through Celite diatomaceous earth to remove catalyst and other solids. Pure 
epoxide was obtained by flash chromatography (lOg SiOj, CH 2 Cyhexane 
10 eluent). The optical purity of this material was determined by the method 
described above. 
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Asymmetric Epoxidation of Representative Olefins 
with the most preferred embodiment of the first aspect 

Examples 1-7 

Config- 

5 Entry Olefin- Cutelvst Yields t*i% \ "ration" Method 



1 (R.RH 50 59 1R.2S-0 B 

/ 

t 

2 (R,RVW 75 57 R-(+) A 

* 

3 <R,RHd 72 67 (+)e B 

4 (R,R)-1 52 93 (-)e B 

10 5 (R,R>1 70 85 lR,2S-(-) A 

6 (RJ0-l d 72 78 lR,2S-<+) B 

7 0U9-1 36 30 R-(+) B 



"Reactions were run at 25 °C unless otherwise noted. 
15 Isolated yields based on olefin. 

Hie sign corresponds to that of [a]D. 

^Reaction run at 5°C 

•Absolute configuration not known- 

The table above shows that the highest enantiomeric excess (ee) 
20 values were observed with Examples 4, 5, and 6, Le. sis disubstitnted olefins. 
In contrast, Example 7, a 1,1 disubstitnted olefin, had the lowest ee values. 
Example 1, a trans disubstituted olefin, and Examples 2 and 3, 
monosubstituted olefins, had intermediate ee values. 
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Asymmetric Epoxidation of Representative Olefins 

v<?ith Catalysts from the first and fourth aspects of the invention. 

Examples 8-16 

The following Examples 8-16 were ran the same as Examples 1- 
5 7, except that different catalysts were used. The key to the catalyst numbering 
system is found in FIGURE 11. As can be seen, Example 8 was made 
according to the most preferred embodiment of the first aspect. 
Examples 9-16 were made according to the fourth aspect, with the catalyst 
used in Examples 12-16 being the most preferred embodiment of the fourth 
10 aspect. It is also noted that all of Examples 8-16 were run with method B 
described above. 
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It " , w f°« W# (wys W . 75 *M-> 



•Reactions were iuo at 0*C folate* yield* based on olefla Detenmned by H NMR 
uulysis fei the presence of EoQifc), end by etpaiary GC ©sing a cc rnm etrial thlrsJ coturon (J 
A W Scientific Cydodex-8 edema, 30 n a 025 am LO. 025 pa film). *All reactions 
were na in duplicate with both eaaniomen of each catalyst. ReaaJco earned <w with 
CWyirtutetpaiUn^ti^torfttuntkM opposifc to those to the ts«c and with 
the sane eel (s 2%). The sip correspcods to (hat of (olD. 



•Reactions were run at 0°C Isolated yields based on olefin. •Determined by ! H NMR 
analysis in the presence of Eu(hfc), and by capillary GC using a commercial shiral column (J 
5 & W Scientific Cyclodex-B column, 30 m x 0.25 mm LD M 0.25 am film). 'All reactions 

were run in duplicate with both enantiomers of each catalyst Reactions carried out with 
(R V R>5 afforded epoxides with absolute configurations opposite to those in the table and with 
the same ee's (± 2%). The sign corresponds to that of [a]D. 

As shown in Examples 12-15, the most preferred catalyst of the 
10 fourth embodiment catalyzes the epoxidation of cis-disubstituted olefins with 
excellent enantioselectivity. 

r 

Examples 17-24 Epoxidation of Chromene Derivatives 

The following Examples 17-24 were carried out to show the 

effectiveness of the present method to enantioselectively epoxidize various 
IS chromene derivatives. The catalyst used in these examples is the R,R 

enantiomer shown in Figure 8. The method described above as Method A was 

used for these examples: 

The results are shown in Table m. It is noted that the 

unsubstituted chromene in Example 24 did not produce an epoxychroman. 



WO 93/03838 



PCT/US92/07261 



-52- 



TABLE m 



No. 


onto 


IAoJoi Produces) 


or 


aaiwa two f*j 
96 




18 






04 


76 
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19 
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. 67 




20 






orf 


7S 


wow 


21 








51 




22 
23 






>98 

vsnroV 1 


82 
38* 




24 




18;t3aaV r cis 8 2 

or 


:1 


49 
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Eframple 25 

Example 25 was earned out the same as Example 19 above, 
with the exception that the catalyst shown in FIGURE 2 was used. The 
isolated yield was found to be 78% and the ee was 91%. 

5 Example 26 

Example 26 was earned out as a larger scale production of the 
epoxychroman produced in Example 17 above, namely 6-cyano-2,2-dimethyl- 
3 ,4-epoxychroman. 

The pH of a solution of commercial household bleach (Clorox*) 

* 

10 was buffered to pH=11.3 with 0.05 M NajHPO* and 1 N NaOH and then 

cooled to 0 °C. To 500 ml of this solution (approximately 0.55 M in NaOCl) 
was added a 0 °C solution of 6-cyano-2,2-dimethylchromene and the catalyst 
(3.1 g, 5.0 mmol, 3.7 mol%) in 135 ml of CH 2 a 2 . The two-phase system 
was mechanically stirred at 0 °C and the reaction progress was monitored by 

15 HPLC. After 9 hours, the heterogeneous brown mixture was filtered through 
a pad of Celite diatomaceous earth and the organic phase was separated, 
washed once with 500 ml saturated NaCl solution, and then dried (Na^SO^. 
Hie ee of die crude product obtained after solvent removal was determined for 
each example by GC analysis. The brown oily residue was then dissolved in 

20 200 ml of boiling absolute ethanol and then water (200 ml) was added slowly 
to the hot solution. A hot gravity filtration afforded a pale yellow solution 
from which the crystallized epoxychroman was isolated. This isolated yield 
was 81% and the ee was measured at 99% by GC analysis. 

25 Example 27 was carried out to produce the cromakalin 

compound shown in Figure 13. The epoxychroman produced in Example 26, 
namely 6-cyano-2,2-dimethy-3,4-qx>xychroman, (Ig, 4.97 mmol), 3-hydroxy- 
1-methyl-l ,6-dihydropyridazin-6-one (0.652 g, 5.17 mmol) and pyridine 
(0.491 g, 6.21 mmol) were refluxed together in ethanol (10 ml) for 8 hours. 
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The homogenous yellow mixture was then concentrated under vacuum and the 
residue was isolated by flash chromatography on 70 g of silica and ethyl 
acetate as eluent. The isolated yield was 1.38 g (85%). 




Eremple 28 

5 Example 28 was carried out to produce the cromakalin shown in 

Figure 12. Sodium hydride (0.199 g of a 60% suspension in mineral oil, 4.97 
mmol) was suspended in PMSO (1.5 ml) and 2-pynolidinone (0.423 g, 4.97 
mmol) was added to the stirred mixture at room temperature under a dry 
nitrogen atmosphere. The epoxychroman from Example 26 (lg, 4.97 mmol) 

10 was then added as a solid to the grey foamy mass. The mixture was stirred at 
room temperature for 10 hours. The orange-red mixture was then treated with 
10 ml of water and the resulting thick yellow precipitated was extracted 5 
times with 10 ml of ethyl acetate. Removal of solvent and chromatography on 
silica (lOOg, ethyl acetate eluent) afforded pure product which was 

15 recrystallized from ethyl acetate. This isolated yield was 0.808 g (56%). 




Synthesis of Taxnl and Taxol Intermediates and Analogs 

The following general comments apply to the following 
examples. Melting points were obtained in open capillary tubes with a 
Laboratory Devices (Holliston MA) Mel-Temp H melting point apparatus and. 
20 are reported uncorrected. The boiling points are reported uncorrected. The 
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*H NMR spectra were obtained on a General Electric (Schenectady NY) QE- 
300 (300 MHz) spectrometer. Low resolution EI gas chromatography/ mass 
spectroscopic (GC/MS) analyses were performed on a Hewlett-Packard (Palo 
Alto CA) 5970 Mass Selective Detector coupled to a Hewlett-Packard 5890 
gas chromatograph. Other mass spectra were provided by the Mass 
Spectrometry Laboratory at the University of Illinois, Urbana, Illinois. 
Elemental analyses were performed by the Microanalytical Laboratory of the 
University of Illinois. 

Silica gel chromatographic purifications were performed by flas 
urography with Woelm silica (Aldrich Chemical Co., Milwaukee WI) 

if silica gel was approximate!} 



Ml» II 



50-100 times that of the sample unless it is noted otherwise below. Hie 



eluting solvent for each purification was d 



1 by thin layer 



atography (TLC). Analytical TLC was conducted on Merck glass plates 
coated with 0.25 mm of silica gel 60 F^. TLC plates were visualized with 
ultraviolet light and/or in an iodine chamber unless noted otherwise. Gas- 
liquid chromatographic (GC) analyses were performed on a Hewlett-Packard 
HP 5890 gas chromatograph using the following columns: A) J&W Scientific 
(Folsom CA) 0.32 mm X 30 m DB-5 capillary column or B) J&W Scientific 
CPX-B (B-cyclodextrin) capillary column, 30 m. Optical rotations were 
measured on a Jasco (Japan Spectrophotometry Co., Tokyo, Japan) Dip-360 
digital polarimeter. 

The buffered bleach solutions employed in the epoxidation 
reactions were prepared from Clorox® bleach according to the method of 
Zhang W.; and Jacobsen, EN: J. Org. Chem. 5fr 2296, 1991. Unless other 
noted, all starting materi al s were purchased from Aldrich and were used as 
received. 
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Preparation of Me thyl VPhenvlglvcidate 

A quantity of cis-methyl cinnamate (4.5 mg, 2,5 mmol) was 
dissolved in 6 ml of CH 2 C1 2 . 3,5-Dimethy^yridine-N-oxide (125 mg, 40 
5 mol%) was then added to the solution, followed by the addition of catalyst 
(S,S)-4 (150 mg, 10 mol%). The resulting solution was cooled to 0°C and 
combined with bleach solution (15 ml at a pH of 11.25) pie-cooled to 4°C 
The reaction mixture was stirred at 4°C for three hours. Hexane (60 ml) was 
then added to the reaction mixture. The organic phase was washed once with 

10 30 ml water and twice with 3 ml brine and dried over Na^SC^. Solvent was 
removed under vacuum and the residue was purified by chromatography 
(EtOAc/hexane = 7:93, v/v) to provide an inseparable mixture of cis- and 
trans-methyl-3-phenylglycidate in which the cis:trans ratio was 4:1. The yield 
was 356 mg, or 80%. The assignment of stereoisomers and determination of 

15 ratio of stereoisomers was based on the literature values for l H NMR of cis- 
methyl-3-phenylglycidate. Denis, J.N.; Greene, A.E.; Sena, A. A.; Luche, 
M.-J.: J. Org. Chem. ll: 46, 1986. The ee's of the cis- and trans-epoxides 
were determined to be 87-89% and 60%, respectively, by GC analysis (using 
column B described above). 
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Preparation of cis-Ethvl Cinnamate 

Ethyl phenylpnopiolate (10.8 g, 0.062 mol) was dissolved in 
hexane (540 ml), followed by addition of quinoline (11.2 g) and palladium on 
calcium carbonate (Lindlar catalyst, 3.6 g). The resulting reaction mixture 
was stirred under hydrogen (1 atm) at room temperature, and the progress of 
the reaction was monitored closely by GC analysis. The reaction was stopped 
by displacement of the hydrogen atmosphere with nitrogen once the rate of 
absorption of hydrogen was observed to decrease abruptly. The resulting 
mixture was filtered through a pad of diatomaceous earth and the filtrate was 
dried over Na 2 S0 4 . Solvent was removed undo* reduced pressure. Then the 
residue was distilled under vacuum (2.5 mm Hg, at 98-100° C) to provide 
10.08 g of cis-ethyl cinnamate, for a yield of nearly 95%. By GC analysis, 
this product mixture was found to contain 5.7% over-reduced alkane and 3.5 % 
trans-ethyl cinnamate, but was used without further purification. 

fimmple 31 

Preparation pf g^m-myh^hmylKW^ 

With 1.76 g or 10 mmol of cis-ethyl cinnamate prepared as 
described in Example 30, 4-phenylpyridine-N-oxide (420 mg, 2.5 mmol) was 
dissolved in CB 2 Cl t (20 ml). Catalyst (the R,R-enantiomer of Figure 8) (360 
mg, 0.6 mmol) was added to the solution. This solution and the buffered 
bleach solution (25 ml, at pH = 11.25) were cooled separately in ice bath, and 
then combined at 4° C. The two-phase mixture was stirred for two hours, or 
until the disappearance of cis-ethyl cinnamate was judged to be complete by 
TLC analysis. Ethyl acetate (200 ml) was then added to the solution and the 
organic phase was separated, washed with water (2 X 100 ml) and brine (1 X 
100 ml). Then the organic phase was dried over Na£0 4 . The solvent was 
removed undo* vacuum and the residue was subjected to GC analysis, which 
indicated the presence of ds- and trans-epoxides in a 3:1 ratio. The residue 

* 

was distilled (2mm Hg, at 75°-77° C) to provide 1.6g (80% yield) of a erode 



WO 93/03838 



PCT/US92/07261 



-58- 

mixtuie of 75% cis-epoxide, 18% trans-epoxide and several minor impurities, 
as determined by GC analysis. The ee of the cis-epoxide was determined to be 
96-97% by a l H NMR shift study with Euflrfc^ as chiral shift reagent The ee 
of the tians-epoxide was measured to be 78% by the same method. The 
5 mixture was used in subsequent reactions without further purification. The 
following was obtained for cis-ethyl-3-phenylglycidate: <H NMR (CDCI3) 5 
1.02 (t, J - 7.2 Hz, 3H), 3.83 (d, J = 4.8 Hz, 1H), 3.9^.1 (m, 2H), 4.27 
(d, J = 4.8 Hz, 1H), 7.2-7.5 (aromatic, 5H). The following was obtained for 
trans-ethyl-3-phenylglycidate: l H NMR (CDC1 3 ) 5 1.33 (t, J = 7.2 Hz, 3H), 
10 3.51 (d, J = 2.1 Hz, 1H), 4.09 (d, J = 1.8 Hz, 1H), 4.2-4.4 (m, 2H), 7.2- 
7.5 (aromatic, 5H). 
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Example 32 

Preparation of QRJSV3-P^ ^YH?f01 < f^^ l ?^^^fi 

First, 900 mg, or 4.22 mmol, of (2R,3R)-3-phenylglycidate, 
prepared as described in Example 31, was dissolved in a solution of 20 ml of 
5 ethanol saturated with ammonia (prepared by passing ammonia through etbanol 
at -15° C for IS minutes). This solution was placed in an autoclave and 
heated to 100° C for 16 hours with external agitation. After the solution was 
cooled to room temperature, agitation was continued for another eight hours. 
Solvent was removed under vacuum and the residue was recrystallized from 
10 ethanol. White crystalline product, weighing 540 mg, was isolated by 
filtration for a yield of 71 %. The melting point was 172-173° C. The 
following *H NMR (DMSO-d</D 2 0) data were obtained for this compound: 6 
3.87 (d, J = 3.3 Hz, 1H), 4.08 (d, J - 3.3 Hz, 1H), 7.0-7.5 (aromatic, 5H). 
Analytical for C& n O& 2 : Calculated: C, 60.00; H, 6.67; N, 15.55. Found: 
15 C, 59.90; H, 6.71; N, 15.25. 

The corresponding racemate was synthesized by an analogous 
sequence with epoxide prepared with the (S,S) catalyst of Figure 8. The 
melting point for the racemate was 192-193° C, which compared favorably to 
the literature value of 187-188° C. Kamandi, £.; Frahm, A.W.; and 
20 Zymalzowski, F.: Arch. Parmaz. 302: 871, 1974. 
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Eyample ,33 

f?P ^yl-Phenvl-Isoserine 

(2R,3S)-3-phenyl-isoserinamide (200 mg, 1.11 mmol), as 

prepared in Example 32, was combined with 354 mg (1.12 mmol) of 
5 Ba(OH) 2 *8H 2 0 and water (2 ml)- The resulting suspension was heated to 

reflux for nine hours. After the reaction mixture was cooled to 80° C, 15 ml 
of water was added to the solution. The temperature of the solution was 
maintained at 80° C for 20 minutes before a solution of 110 mg, 1.11 mmol of 
concentrated sulfuric acid in 1 ml of water was added. A white precipitate 

10 appeared in the solution which was determined to have a pH of between 5 and 
7. Heating at 80° C was maintained for another 20 minutes, and the mixture 
was then cooled to room temperature. The resulting precipitate (BaS0 4 ) was 
centrifuged to the bottom of the container, the supernatant was separated, and 
solvent was removed under vacuum. The resulting white solid was extracted 

15 with acetone and collected by filtration to provide 148 mg of the title 

compound, for a yield of 74%. The material melted with decomposition at 
238 P C. The *H NMR (D 2 0/NaOD) data were as follows: 5 3.94 (d, J = 3.9 
Hz, 1H), 4.01 (d, J = 3.9 Hz, 1H), 7.0-7.5 (aromatic, 5H). Analytical for 
CHuNOj: Calculated: C, 59.66; H, 6.07, N, 7.73. Found: C, 59.10; H, 

20 6.11; N, 7.61. 
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Examole 34 

N-Benzoyl-(2R.3SV3-Phenvl-Isoserine 

First, 60 mg (0.33 mmol) of (2R,3S)-3-phenyl-isoserine, as 
prepared in Example 33, was dissolved in a 10% aqueous NaHC0 3 (8 ml). 
5 The solution was cooled to 4° C and then 143 mg (1.0 mmol) of benzoyl 

chloride in 120 ml aqueous solution was added. This mixture was stirred for 
six hours at 4° C and then acidified to a pH of 1 by addition of dilute HQ 
solution. The resulting white precipitate was collected by filtration. The 
volume of the filtrate was reduced to 2 ml and a second portion of precipitate 

10 was collected and combined with the first crop. This material contained both 
desired product and benzoic acid. The benzoic acid was removed by stirring 
for six hours in ether (3 ml) containing several drops of ethanol. Next, 60 mg 
of the resulting product was isolated as a white solid by filtration, for a yield 
of 70%. This compound was determined by be more than 95% pure by ! H 

15 NMR. The melting point was 177-179° C, compared to a literature value of 
167-169° C. FABMS: m/e 286 (M++1). The ! H NMR (DMSO-d^) values 
were as follows: 5 4.37 (d, J m 4.5 Hz, 1H), 5.46 (dd, J - 8.7 Hz and 4.5 
Hz, 1H), 5.3-5.7 (b, 1H), 7.2-7.6 (m, 9H), 7.84 (d, J = 7.5 Hz, 1H), 8.58 
(d, J = 9.0 Hz, 1H), 12.5-13.0 (br, 1H). FABHRMS for CiAcNO* 

20 Calculated: 286.1079. Observed: 286.1068. [afpD-35.9 0 (c 0.565, EtOH); 

compared to literature values for the (2S,3R)-isomer of [al^S&S 0 (c 1.45, 
EtOH) and for the (2R,3S)-isomer of [03*0-37.78° (c 0.9, EtOH). Ojima L, 
et al. J. Org. Chem. 5fi: 1681, 1991. 

Example 35 
25 Taxol 

The N-benzoyl-(2R,3S)-3-phenyl-isoserine, as prepared in 
Example 34, is treated with l-chloroethyl ethyl-ether in the presence of a 
tertiary amine to produce optically pure (2R,3S)-N-benzoyl-0-(l-ethoxyethyl)- 
3-phenyl-isoserine (2). 7-tri-ethylsQyl baccadn in (1), as synthesized 
30 according to Denis et al. (J. Amen Chem. Soc. HQ:5417, 1988), is added to 
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10 



6 equiv of optically pure (2R,3S)-N-ben2oyl-0-(l-ethoxyethyl)-3-phenyl- 
isoserine (2), 6 equiv of di-2-pyridyl carbonate (DPC), and 2 equiv of 4- 
(dimethylamino) pyridine (DMAP) in toluene solution (0.02M). This mixture 
reacts at 73°C for 100 hours to produce the C-2\ C-7-protected taxol 
derivative (3). 

Concomitant removal of the protecting groups at C-2' and C-7 
in (3) is accomplished with 0.5% HC1 in ethanol at 0°C for 30 hours to 
produce taxol, whose identity and purity are established via comparison with 
the melting point, rotation, and spectral (IR, MNR, FABMS) and 
chromatographic (TLC, HPLC) characteristics of the natural product. 
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fl«mipl«>s 3ft39 

Effect Of Pvridine-N-Oxide Derivative On Eooxidation 

The four alkenes shown in Table IV below were epoxidized with 
the presence of a pyridine-N-oxide derivative in the following manner. 
5 A solution of 10 mmol of an alkene and 2.0 mmol (20 mol %) 

of a pyridine-N-oxide derivative were dissolved in 10 ml of CH£l 2 . Ether 4- 
phenylpyridine-N-oxide (A in the table) or 4-t-butylpyridine-N-oxide (B in the 
table) was used* 

Then, 0.08*1.0 mmol (0.8-10 mol ft) of Catalyst 1 or 2 (see 
10 below) were added to the alkene solution. The table shows the amounts of 
catalyst used in each example. This solution and buffered bleach solution 
(pH= 11.25) were cooled separately in an ice bath and then combined at 0-4° 
C. This two-phase mixture was stirred for one to five hours. Then, 200 ml 
of hexane was added to the solution, and the organic phase was separated and 
IS washed once with 100 ml water and once with 100 ml brine. Hie organic 

phase was then dried over Na^SO^ The solvent was removed under vacuum. 
The residue was subjected to purification distillation but could also be purified 
by chromatography or crystallization. The enantiomeric compositions of the 
epoxide were established by GC on a chiial capillary column and by 'H NMR 
20 with a chiral shift reagent (EuQifc^). 
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It should be noted that, although much of the discussion has 
involved the use of salen derivatives (made from ethylenediamines), salpn 
derivatives (made from piopylenediamines) and salbn derivatives (made from 
butylenediamines) are also within the scope of the present invention. 
5 Certainly, these axe considered to lie within the scope of the invention as 
defined by the appended claims. 
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Example 40 

The following catalysts were prepared using the same techniques 

as previously discussed. 
5 Figures 19 and 20, as well as Table V below, show the 

generalized structures of die catalysts. 
Table V 
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These seven catalysts were reacted with thioanisole to measure their ee 
values. It is significant that those ligand properties that were proven to be 
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impoitant for optimal enantioselectivity in epoxidation were also important in 
sulfide oxidation. For example, the presence of bulky substituents on the 3,3* 
and 5,5' positions of the salen ligands has a marked effect on selectivity, 
indicating that these groups improve stereochemical communication in the 
5 transition state leading to oxo transfer by inducing substrate approach near the 
dissymmetric diimine bridge. An electronic effect on enantioselectively was 
also very pronounced in sulfide oxidation with (salen)Mn catalysts. As 
exhibited in the epoxidation reaction, catalysts bearing electron withdrawing 
substituents are less enantioselective than electron rich analogs (entries 1, 3 
. 10 and 4 in Table V). This effect may be attributed to the greater reactivity and 
concomitant lower selectivity, of the high valence intermediates bearing 
electron withdrawing groups. 

Catalyst 1 of Table V emerged as the most selective of the catalysts 
tested. Therefore, Catalyst 1 was used to study the asymmetric oxidation of 
15 prochiral sulfides. The results of these tests are shown by Table VI below. 
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Selectivities in these cases were moderate, although a significant 

m 

electronic effect on substrate could be discerned. More reactive electron rich 
sulfides were oxidized with lower selectivity (e.g. entry 7, Table VI), while 
selectivities above 60% ee were obtained with substrates bearing balide or 
5 nitro groups (entries 2, 8-11, Table VI). The face selectivity in the sulfide 

oxidation reactions is analogous to that in the alkene epoxidation (see FIGURE 
21). This suggests that the nature of the transition states in the two processes 
may be similar. 

Catalytic Disproportionation of Hydrogen Peroxide 
10 Example 41-Preparation of: 

A solution of salicylaldehyde (24.42g, 0.200molc) in 80 ml of 
EtOh was added to a stirred solution of ethylenediamine (6.070g, 0.100,olc) in 
a mixture of 50 ml EtOH and 50 ml of H20 over a period of 5 minutes. The 
reaction mixture was iefluxed for 1 hour and stirred at room temperature 

15 overnight. Hie yellow crystalline product was separated by filtration and 
washed with 2 X 30 ml of cold 60% EtOh and air dried to yield 25.733G 
(95.9%) of salen. 

Mn(OAc)2 (24.509g, 0.100 mole) was added to a stined 
solution of 13.416g of salen in 1000 ml of 95% EtOH and the color 

20 immediately changed from yellow to dark brown, the resulting mixture was 
refluxed for 3 hours. The solvent was removed by vacuum and the resulting 
residue was extracted with 1250 ml of hot water (60 degrees Q and filtered. 
Solid NaCl (58.44g, 1.000 mole) was added to the filtrate and brown 
precipitate formed immediately. Hie precipitate was c ol l ect ed by filtration and 
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dried. The crude product was recrystallized from acetone/ether to give 9.672g 
of the product (S4.2 % yield). 

Example 42-Reaction Procedure 

A small round bottom flask equipped with a septum was charged 
5 with the catalyst (0.1 mol %) and 1 ml of the solvent To this solution was 
added a buffered solution of H 2 0 2 . The rate and conversion of the reaction 
were monitored by trapping the 0 2 evolved from the reaction. Table VII 
below shows the turnover values for several catalysts, whose generalized 
structures are shown in FIGURES 22 and 23. Turnovers are defined as moles 
10 of H^Oj destroyed per mole of catalyst 
Table VH 
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TABLE VII (Cont.) 
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WE CLAIM: 

1. A chiral catalyst having the following structure: 




where M is a transition metal ion; 

where A is an anion; 
5 where n is either 0 9 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alky Is, tertiary alky Is, and 
hetero atoms; 

where at least one of X3 or X4 is selected from the group 
10 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where Yl, Y2, Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, halides, alkyls, aryls, and alkyl groups 
bearing hetero atoms; 

IS where at least one of Rl, R2, R3 and R4 is selected from a first 

group consisting of hydrogen, CH 3 , and primary alkyls; 

where, if Rl is selected from said first group, then R2 and R3 

are selected from a second group consisting of aryls, secondary alkyls, tertiary 

alkyls, and alkyls bearing hetero atoms; 
20 where, if R2 is selected from said first group, then Rl and R4 

are selected from said second group; 
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where, if R3 is selected from said first group, then Rl and R4 
arc selected from said second group; and 

where, if R4 is selected from said first group, thai R2 and R3 
ate selected from said second group. 

5 2. The catalyst of Claim 1 wherein the transition metal ion is 

selected from the group consisting of Mn, Cr, Fe, Ni, Co, Tl, V, Ru, and Os. 

3. The catalyst of Claim 1 wherein the transition metal ion is 
selected from the group consisting of Mn, Cr, Fe, Ni, and Co. 

4. The catalyst of Claim 1 wherein the metal ion is Mn. 

i 

■ 

10 5. Hie catalyst of Claim 1 wherein said first group consists of 

hydrogen and methyl. 

6. The catalyst of Claim 1 wherein said first group consists of 
hydrogen. 

7. The catalyst of Claim 1 wherein said second group consists of t- 
15 butyl and phenyl. 

8. The catalyst of Claim 1 wherein said second group consists of 
phenyl. 

9. Hie catalyst of Claim 1 wherein Rl is the same as R3 and R2 is 
the same as R4. 

20 10. The catalyst of Claim 9 wherein said first group consists of 

hydrogen and methyl. 
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11. The catalyst of Claim 9 wherein said second group consists of t- 
butyl and phenyl. 

12. The catalyst of Claim 1 wherein XI and X3 are independently 
selected from the group consisting of t-butyl and phenyl. 

5 13. The catalyst of Claim 12 wherein XI and X3 are the same. 

14. The catalyst of Claim 1 wherein both XI and X3 are t-butyl. 

15. A chiral catalyst having the following structure: 




where M is a transition metal ion selected from the group 
consisting of Mn, Cr, Fe, Ni, Co, Tl, V, Ru, and Os; 
10 where A is an anion; 

where XI and X3 are the same and are selected from the 
group consisting of aryls, primary alky Is, secondary alky Is, tertiary 
alkyls, and hetero atoms; 
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tly 







mm 











selected from the group consisting of hydrogen, halides, alky Is, aryls, and 
alkyl groups bearing hetero atoms; 

where Rl and R4 are the same and are either selected from a 
5 first group consisting of H, CH 3 , Cfl 5 , and primary alkyls, or selected from a 

r 

second group consisting of aryls, second alkyls, tertiary alkyls, and alkyls 
bearing hetero atoms; 

where R2 and R3 are the same and are either selected from said 
second group if Rl and R4 are selected from said first group, or selected from 
10 said first group if Rl and R4 are selected from said second group. 

16. The catalyst of Claim 15 wherein the metal ion is manganese. 

17. The catalyst of Claim 15 wherein said first group consists of 
hydrogen. 

18. The catalyst of Claim 15 wherein said second group consists of 
15 t-butyl and phenyl. 



19. The catalyst of Claim 15 wherein said second group consists of 
phenyl. 



20. A chiral catalyst having the following structure 
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where M is a transition metal ion; 
where A is an anion; 

where at least one of XI orX2 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and 
5 hetero atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 

hetero atoms; and 

where Yl, Y2, Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
10 Z8, Z9, Z10, Zll, and Z12 are independently selected from the group 

consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 
atoms. 

21. The catalyst of Claim 20 wherein the transition metal ion is 
selected from the group consisting of Mn, Cr, Fe, Ni, Co, Ti, V, Ru, and Os. 

22. The catalyst of Claim 20 wherein the transition metal ion is 
selected from the group consisting of Mn, Cr, Fe, Ni, and Co. 

23. The catalyst of Claim 20 wherein Yl, Y2, Y3, Y4, Y5, Y6, 
Zl, Z2, Z3, Z4, Z5, Z6, Z7, Z8, Z9, Z10, Zll, and Z12 are hydrogen. 

24. The catalyst of Claim 20 wherein XI and X3 are independently 
selected from the group consisting of t-butyl and phenyl. 

25. The catalyst of Claim 20 wherein XI and X3 are the same. 

26. A chiral catalyst having the following structure: 



15 



20 
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where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
5 consisting of aiyls, primary alkyls, secondary alky Is, tertiary alkyls, and 
hetero atoms; 

wheie at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

10 where at least one of Yl or Y2 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Y4 or YS is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
IS hetero atoms; 

where Y3 and Y6 are independently selected from the group 
consisting of H and primary alkyl groups; 

where either one or two of Rl, R2, R3 and R4 is hydrogen; 
where, if Rl is hydrogen, then R3 is a primary alkyl; 
20 where, if R2 is hydrogen, then R4 is a primary alkyl; 

where, if R3 is hydrogen, then Rl is a primary alkyl; and 
where, if R4 is hydrogen, then R2 is a primary alkyl. 

27. The catalyst of Claim 26 wherein the transition metal ion is 
selected from the group consisting of Mn, Cr, Fe, Ni, Co, Ti, V, Ru, and Os. 
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28. The catalyst of Claim 26 wherein the metal ion is Mn. 

29. The catalyst of Claim 26 wherein Rl is the same as R3 and R2 
is the same as R4. 

30. The catalyst of Claim 26 wherein XI and X3 are independently 
5 selected from the group consisting of t-butyl and phenyL 

31. The catalyst of Claim 30 wherein XI and X3 are the same, 

32. The catalyst of Claim 30 wherein Yl and Y4 are independently 
selected from the group consisting of t-butyl and phenyl. 

33. The catalyst of Claim 32 wherein Yl and Y4 are the same. 

10 34. The catalyst of Claim 26 wherein XI, X3, Yl and Y4 are inde- 

pendently selected from the group consisting of t-butyl and phenyl. 

35. The catalyst of Claim 34 wherein XI, X3, Yl and Y4 are all 
the same. 

36. The catalyst of Claim 26 wherein XI, X3, Yl and Y4 are all 
15 t-butyl. 

37. The catalyst of Claim 26 wherein Rl and R4 are hydrogen and 
R2 and R3 are methyl. 

38. A chiral catalyst having the following structure: 
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where M is a transition metal ion; 
where A is an anion; 
where n is either 3, 4, 5 or 6; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
IS hetero atoms; 

where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 

where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alkyls and hydrogen; 
20 and 

where the carbons in the (C) n portion have substituents selected 

* 

from the group consisting of hydrogen, alkyl, aryl, and heteroatoms. 

a 

39. The catalyst of Claim 38 wherein the transition metal ion is 
selected from the group consisting ofMn, Cr, Fe, Ni, Co, H, V, Ru, and Os. 

25 40. The catalyst of Claim 38 wherein the metal ion is Mn. 
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41. The catalyst of Claim 38 wherein Rl is the same as R4. 

42. The catai^Qf claim 38 wherein XI and X3 are independently 
selected from the group consisting or t-butyl and phenyl. 

43. The catalyst of Claim 42 wherein XI ana X3 are the same. 

V, 

X. i. 

- «<• 

5 44. The catalyst of Claim 38 wherein Yl and~Y4 are independently 

selected from the group consisting of t-butyl and phenyl. 

* 

45. The catalyst of Claim 44 wherein Yl and Y4 are the same. 

46. The catalyst of Claim 38 wherein XI, X3, Yl and Y4 arc 
independently selected from the group consisting of t-butyl and phenyl. 

10 47. The catalyst of Claim 46 wherein XI, X3, Yl and Y4 are all 

the same. 

48. The catalyst of Claim 38 wherein XI, X3, Yl and Y4 are all 
t-butyl. 

49. The catalyst of Claim 48 wherein Rl and R4 are hydrogen. 

15 50. The catalyst of Claim 38 wherein Rl and R4 are selected from 

the group consisting of hydrogen and methyl. 

51. The catalyst of Claim 38 wherein Rl and R4 are hydrogen. 

52. The catalyst of Claim 38 wherein n is 4. 

53. A chiral catalyst having the following structure: 
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•Bu W 



d R4 is selected from the group consisting of primary alkyls and hydrogen. 



54. 



I* catalyst of Claim 53 wherein the metal ion is Mn. 



55. ^catalyst of Claim 53 wherein Rl fa ^ same as R4. 

-JL. rT ^ * ^ 53 ^ »• -"° - gently 
selected from the group consisting of t-butyl and phenyl. 

^<^y«ofClahn57wherem X landX3arethesame. 

10 seJL r e ^ 0f ^ 53W ^ YI - dY4 «i-^endenfly 
SdeCted ^ ^ gnmp consisting of t-butyl and phenyl. 7 

«■ ^^<rfCiaim59wI«remYl andY 4 ans ^^ 

61. The catalyst of Claim 53 wherein XI X3 Yl an * ™ . 

P«dently selected from the grenp consisfrTT^lf ' ^ 

sroi?) conastmg of t-butyl and phenyl. 
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62. Thecatalyst of Claim 61 wherein XI, X3, Yl and Y4 are all 

the 



63. 



^^^ ofC ^»^in.Xl,X3,YlandY4aieaIIt- 



64. 



Tbe catalyst of Claim 63 wherein Rl and R4 are hydrogen. 



65. The catalyst of Claim 38 wherein Rl and R4 are selected ftom 
the group consisting of hydrogen and methyl. 

66. A method of enantioselectiveiy epoxidizing a prochiral olefin 
with the use of a chiral catalyst comprising the steps of: 

providing a prochiral olefin; 
Providing an oxygen atom source; 

providing the chiral catalyst of Claim 1, 15, 20, 26, 38 or 53; 



and 



15 ***** ° lefin * atom source, and said chiral 

catalyst under such conditions and for such time sufficient to epoxidize said 
olefin. 



20 



67. The method of Claim 66 wherein the prochiral olefin is selected 
the group consisting of monosubstituted and * 1,2 disubstituted olefins. 



68. The method of Claim 66 wherein the prochiral olefin is a pj* 
disubstrtuted olefin bearing a primary substituent on one side of the double 
bond and a secondary, tertiary, or aryl substituent on the other side 



69. 



™e method of Claim 66 wherein the olefin is selected from the 
group consisting of: 
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cis-B-methylstyicne, dtoydronaphthalene, 2-cyclohexenyl-l,l« 
dioxolane, '2,2-dimethylchromene, styrene, and propylene. 



70. Hie method of Claim 66 wherein the oxygen atom source is 
selected from the group consisting of: NaOCl, iodosomesitylene, NaI0 4 , 
NBu 4 I0 4 , potassium peroxymonosulfate, magnesium monoperoxyphthalate, and 
icyanofenate ion. 



it**, ^ 



m 


WW- 


Hi 





71. The 

selected from group consisting of: NaOCl and iodosomesitylene. 



10 



72. The method of Claim 66 wherein the oxygen atom source is 
NaOCl. 



15 



20 



73. A method of enantioselectively epoxidiang a prochiial olefin 
with the use of a chiral catalyst comprising the steps of: 

providing a prochiial olefin; 
providing an oxygen atom source; 
providing a pyridine-N-oxide derivative; 
providing the chiral catalyst of Claim 1, 15, 20, 26, 38 or 53; 

and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said chiral catalyst under such conditions and for such 
time sufficient to epoxidize said olefin. 



74. 
from the 



The method of Claim 73 wherein the prochiial olefin is selected 
isting of monosubstituted and £13 1,2 disubstituted olefins. 



25 



75. Hie method of Claim 73 wherein die prochiral olefin is a as 
disubstituted olefin bearing a primary substituent on one side of the double 
and a secondary, tertiary, or aryl substituent on the other side. 
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76. The method of Claim 73 wherein the pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenylpyridine-N-oxide 
and 4-t-butyIpyridine-N-oxide. 

77. The method of Claim 73 wherein the olefin is selected from the 

5 group consisting of: 

£i£-fl-methylstyrene, dihydronaphthalene, 2-cyclohexenyl-l,l- 
dioxolane, 2,2-dimethylchromene, styrene, and propylene. 

78. The method of Claim 73 wherein the oxygen atom source is 
selected from the group consisting of: NaOCl, iodosomesitylene, NaI0 4l 

10 NBu4l0 4l potassium peroxymonosulfate, magnesium monoperoxyphthalate, and 
hexacyanoferrate ion. 

79. The method of Claim 73 wherein the oxygen atom source is 
selected from group consisting of: NaOCl and iodosomesitylene. 

80. Hie method of Claim 73 wherein the oxygen atom source is 
15 NaOCl. 

81 . A method of enantioselectively epoxidizing a chromene 
derivative with a chiral catalyst comprising the steps of: 

providing a chromene derivative having the formula: 




'1 

20 wherein Rl, R2, R3, R4, XI, X2, X3 and X4 are each selected 



Fiji* 
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alkyls, tertiary alkyls, and hctero atoms, and wherein no more than one of Rl 
and R2 are hydrogen; 

providing an oxygen atom source; 

providing a catalyst having the formula: 




where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI orX2is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of X3 orX4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where Yl, Y2, Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, haKdes, alkyls, aryls, and alkyl groups 
bearing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 
group consisting of hydrogen, methyl, and primary alkyls; 

where, if Rl is selected from said first group, then R2 and R3 
are selected from a second group consisting of aryls, secondary alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 

where, if R2 is selected from said first group, then Rl and R4 
are selected from said second group; 
25 where, ifR3 is selected from said first group, then Rl andR4are 

selected from said second group; and 
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where, if R4 is selected from said first group, thai R2 and R3 
are selected from said second group; and 

reacting said chromene derivative, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
5 epoxidize said chromene derivative, to thereby produce an epoxychroman. 

* 

82. The method of Claim 81 wherein Rl and R2 on the chromene 
derivative are the same. 

83. The method of Claim 81 wherein the Rl and R2 on the 
chromene derivative are alkyl groups. 

10 84. The method of Claim 81 wherein Rl and R2 on the chromene 

derivative are methyl groups. 

85. The method of C laim 81 wherein the chromene derivative is 
6-cyano-2 ,2-dimethylchromene. 

86. The method of Claim 81 wherein the oxygen atom source is 
15 selected from the group consisting of NaOCl, iodosomesitylene, NaI0 4 , 

NBU4IO4, potassium peroxymonosulfate, magnesium monqperoxyphtfaalaie, 
H2O2, peroxybenzoic acid derivatives, and hexacyanofenate ion. 

87. The method of Claim 81 wherein the oxygen atom source is 
NaOQ. 

20 4 88. The method of Claim 81 wherein the transition metal ion is 

selected from the group consisting of Mn, Cr, Fe, Ni, and Co. 



89. The method of Claim 81 wherein said first group consists of 
hydrogen and methyl. 
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90. The method of Claim 81 wherein said first group consists of 
hydrogen, 

91. The method of Claim 81 wherein said second group consists of 
t-butyl and phenyl. 

4 

5 92. The method of Claim 81 wherein said second group consists of 

phenyl. 

. 93. The method of Claim 81 wherein on the catalyst Rl is the same 
as S3 and S2 is the same as R4. 



10 



94. The method of Claim 81 wherein XI and X3 on the catalyst 
independently selected from the group consisting of t-butyl and phenyl. 



95. The method of Claim 81 wherein XI and X3 are the same. 



96. The method of Claim 81 wherein both XI and X3 on the 
catalyst are t-butyl. 



15 



97. The method of Claim 81 wherein, wherein the opposite 
enantiomer of the chiral catalyst is included to thereby produce a racemic 
mixture of the epoxychroman. 



98. A method of enantioselectively epoxidizing a chromene 
derivative with a chiral catalyst comprising the steps oft 

providing a chromene derivative having the formula: 
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wherein Rl, R2, R3, R4, XI, X2, X3 and X4 are each selected 
from the group consisting of hydrogen, aryls, primary alkyls, secondary 
alkyls, tertiary alky Is, and hetero atoms, and wherein no more than one of Rl 
5 and R2 are hydrogen; 

providing an oxygen atom source; 
providing a catalyst having the formula: 




where M is a transition metal ion selected from the group 
10 consisting of Mn, Cr, Fe, Ni, Co, Ti, V, Ru, and Os; 

where A is an anion; 

where XI and X3 are the same and are selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

15 where X2> X4, Yl, Y2, Y3, Y4, Y5, and Y6 are independently 

selected from the group consisting of hydrogen, halides, alkyls, aiyls, and 
alkyl groups bearing hetero atoms; 
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where Rl and R4 are the same and are either selected from a 
first group consisting of hydrogen, methyl, butyl and primary alky Is, or 
selected from a second group consisting of aryls, second alky Is, tertiary alky Is, 







\7F 





ilHiHi 



atoms; 



where R2 and R3 are the same and are either selected from said 
second group if Rl and R4 are selected from said first group, or selected from 
said first group if Rl and R4 are selected from said second group; and 

reacting said chromene derivative, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said chromene derivative. 



99. The method of Claim 98 wherein Rl and R2 on the chromene 
derivative are the same. 







Hi 


iTtTf 1 



100. The m< 
chromene derivative are alkyl groups. 



15 101 . Hie method of Claim 98 wherein Rl and R2 on the chromene 

derivative are methyl groups. 

102. Hie method of Claim 98 wherein the chromene derivative is 6- 
cyano-2 ,2-dimethylchromene, 

103. The method of Claim 98 wherein the oxygen atom source is 
20 selected from the group consisting of NaOCl, iodosomeshylene, NaI0 4 , 

NBU4IO4, potassium peroxymonosulfete, magnesium monoperoxyphthalate, 
H 2 0 2 , peroxybenzoic acid derivatives, and hexacyanofenate ion. 



104. The method of Claim 98 wherein the oxygen atom source is 
NaOCL 



• iThiiIiIi 
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105. Hie method of Claim 98 wherein Che transition metal ion is 
manganese. 

106. The method of Claim 98 wherein said first group consists of 
hydrogen. 

5 107. The method of Claim 98 wherein said second group consists of 

t-butyl and phenyl. 

108. The method of Claim 98 wherein said second group consists of 
phenyl. 

■ 

109. The method of Claim 98 wherein, wherein the opposite 
10 enantiomer of the chiral catalyst is included to thereby produce a iacemic 

mixture of the epoxychroman. 

110. A method of enantioselectively epoxidizing a chromene 
derivative with a chiral catalyst comprising the steps of: 

providing a chromene derivative having the formula: 

* 1 n 



15 




wherein Rl, R2, R3, R4, XI, X2, X3 and X4 are each selected 
from the group consisting of hydrogen, aryls, primary alky Is, secondary 
alkyls, tertiary alky Is, and hetero atoms, and wherein no more than one of Rl 
and R2 are hydrogen; 
20 providing an oxygen atom source; 

providing a chiral catalyst having the formula: 
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where M is a transition metal ion; 

where A is an anion; 

where n is either 0, 1, or 2; 
5 whereat least one of XI or X2 is selected from the group 

consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetexo atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
10 hetero atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Y4 or Y5 is selected from the group 
15 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

whore Y3 and Y6 are independently selected from the group 
consisting of hydrogen and plenary alkyl groups; 

where either one or two of Rl, S2, S3 and R4 is hydrogen; 

20 where, if Rl is hydrogen, then R3 is a primary alkyl; 

where, if R2 is hydrogen, then R4 is a primary alkyl; 
where, if R3 is hydrogen, then Rl is a primary alkyl; and 
where, if R4 is hydrogen, then R2 is a primary alkyl; and 
reacting said chromene derivative, said oxygen atom source, and 

25 said chiial catalyst under such conditions and for such time sufficient to 
epoxidize said chromene derivative, to thereby produce an epoxychroman. 
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111. The method of Claim 110 wherein Rl and R2 on the chromene 
derivative are the same. 

112. The method of Claim 110 wherein the Rl and R2 on the 
chromene derivative are alkyl groups. 

5 113. The method of Claim 110 wherein Rl and R2 on the chromene . 

derivative are methyl groups. 

114. The method of Claim 110 wherein the chromene derivative is 
6-cyano-2,2-dimethylchromene. 

115. The method of Claim 110 wherein the oxygen atom source is 
10 selected from the group consisting of NaOCI, iodosomesitylene, NaI0 4l 

NBU4IO4, potassium peroxymonosulfate, magnesium monqperoxyphthalate, 
H 2 0 2 , peroxybenzoic acid derivatives, and hexacyanofenate ion. 

116. The method of Claim 110 wherein the oxygen atom source is 
NaOCI. 

15 117. The method of Claim 1 10 wherein the transition metal ion is mang 

118. The method of Claim 110 wherein for the catalyst Rl is the 
same as R3 and R2 is the same as R4. 

119. Hie method of Claim 110 wherein XI and X3 on the catalyst 
are independently selected from the group consisting of t-butyl and phenyl. 

20 120. The method of Claim 119 wherein XI and X3 on the catalyst 

are the same. 
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121. The 



r 
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selected from the group consisting of t-butyl and phenyl. 



122. Hie method of Claim 121 wherein Yl and Y4 are the same. 







<<* 





123. The 

5 pendently selected from the group consisting of t-butyl and phenyl. 

124. The method of Claim 123 wherein XI, X3, Yl and Y4 are all 
the same. 

125. Hie method of Claim 124 wherein XI, X3, Yl and Y4 are all 
t-butyl. 

10 126. Hie method of Claim 110 wherein on the catalyst Rl and R4 are 

hydrogen and R2 and S3 are methyl. 

127. Hie method of Claim 110 wherein the opposite enantiomer of 
the chiral catalyst is included to thereby produce a racemic mixture of the 
epoxychxoman. 

15 128. A method of enantioselectively epoxidizing a chromene 

derivative with a chiral catalyst comprising the steps of: 

providing a chromene derivative having the formula: 
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wherein Rl, R2, R3, R4, XI, X2, X3 and X4 are each selected from the 
group consisting of hydrogen, aiyls, primary alkyls, secondary alkyls, tertiary 
alkyls, and hetero atoms, and wherein no more than one of Rl and R2 are 
hydrogen; 

providing an oxygen atom source; 
providing a chiral catalyst having the formula: 




where M is a transition metal ion; 

where A is an anion; 

where n is either 3, 4, 5 or 6; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
hetero atoms; 
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where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 

where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alkyls and hydrogen; 
5 and 

where the carbons in the (C) a portion have substituents selected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms; and 

reacting said chromene derivative, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
10 epoxidize said chromene derivative, to thereby produce an epoxychroman. 

129. The method of Claim 128 wherein Rl and R2 on the chromene 
derivative are the same. 

130. The method of Claim 128 wherein the Rl and R2 on the 
chromene derivative are alkyl groups. 

IS 131. The method of Claim 128 wherein Rl and R2 on the chromene 

derivative are methyl groups. 

132. The method of Claim 128 wherein the chromene derivative is 6- 
cy ano-2 , 2-dimethy lchromene . 



133. The method of Claim 128 wherein the oxygen atom source is 
20 selected from the group consisting of NaOCl, iodosomesitylene, NalQ*, 

NB114IO4, potassium peroxymonosulfate, magnesium monpperoxyphthalate, 
Hj0 2 , peroxybenzoic arid derivatives, and hexacyanofenate ion. 

134. The method of Claim 128 wherein the oxygen atom source is NaOCl. 



WO 93/03838 PCT/US92/07261 



-96- 

135. The method of Claim 128 wherein the transition metal ion is 
manganese. 

136. The method of Claim 128 wherein Rl and R4 on the catalyst are 
the same. 

5 137. The method of Claim 128 wherein XI and X3 on the catalyst 

are independently selected from the group consisting of t-butyl and phenyl. 



138. The method of Claim 137 wherein XI and X3 on the catalyst 
are the same. 

139. The method of Claim 128 wherein Yl and Y4 are independently 
10 selected from the group consisting of t-butyl and phenyl. 

V 

140. The method of Claim 139 wherein Yl and Y4 are the same. 

141. The method of Claim 128 wherein XI, X3, Yl and Y4 are inde- 
pendently selected from the group consisting of t-butyl and phenyl. 

142. The method of Claim 141 wherein XI, X3, Yl and Y4 are all 
15 the same. 

143. The method of Claim 128 wherein XI; X3, Yl and Y4 are all t- 
butyl. 

144. The method of Claim 143 wherein Rl and R4 are hydrogen. 

145. The method of Claim 143 wherein Rl and R4 are selected from 
20 the group consisting of hydrogen and methyl. 



WO 93/03838 



PCT/US92/07261 



- 97 - 

146. The method of Claim 128 wherein Rl and R4 on the catalyst are 
hydrogen. 



147. 



The method of Claim 128 wherein n is 4. 



148. The method of Claim 128 wherein the opposite enantiomer of 

■ 

the chiral catalyst is included to thereby produce a racemic mixture of the 
epoxychroman. 



149. A method of enantioselectively epoxidizing a chromene 
derivative with a chiral catalyst comprising the steps of: 

providing a chromene derivative having the formula: 



10 




X 1 R 4 



wherein Rl, R2, R3, R4, XI, X2, X3 and X4 are each selected from the 
group consisting of hydrogen, aryls, primary alky Is, secondary alkyls, tertiary 
alkyls, and hetero atoms, and wherein no more than one of Rl and R2 are 
hydrogen; 

IS providing an oxygen atom source; 

providing a chiral catalyst having the formula: 
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where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alkyls and hydrogen; 
and 

reacting said chromene derivative, said oxygen atom source, and 





mm 


• 


hi 



epoxidize said chromene derivative, to thereby produce an epoxychroman. 

150. The method of Claim 149 wherein Rl and R2 on the chromene 
derivative are the same. 

151. The method of Claim 149 wherein die Rl and R2 on the 
10 chromene derivative are alkyl groups. 

152. The method of Claim 149 wherein Rl and R2 on the chromene 
derivative are methyl groups. 

153. The method of Claim 149 wherein the chromene derivative is 6- 
cyano-2,2-dimethylchromene. 

15 154. The method of Claim 149 wherein the oxygen atom source is 

selected from the group consisting of NaOCl, iodosomesitylene, NaI0 4 , 
NBU4IO4, potassium peroxymonosuHate, magnesium monoperoxyphthalate, 
H2O2, peroxy benzoic acid derivatives, and hexacyanofemte ion. 

155. The method of Claim 149 wherein the oxygen atom source is 
20 NaOCL 



156. Hie method of Claim 149 wherein the transition metal ion is 
manganese. 



WO 93/03838 PCT/US92/07261 



- 99 - 

157. Hie method of Claim 149 wherein Rl and R4 on the catalyst are 
the same. 



158. Hie method of Claim 157 wherein Rl and R4 are hydrogen. 

159. The method of Claim 149 wherein XI and X3 on the catalyst 
5 are independently selected from the group consisting of t-butyl and phenyl. 

160. Hie method of Claim 159 wherein XI and X3 are the same. 

161. Hie method of Claim 149 wherein Yl and Y4 are independently 
selected from the group consisting of t-butyl and phenyl. 

162. The method of Claim 161 wherein Yl and Y4 are the same. 

10 163. The method of Claim 149 wherein XI, X3, Yl and Y4 are inde- 

pendently selected from the group consisting of t-butyl and phenyl. 

* * 

164. The method of Claim 163 wherein XI, X3, Yl and Y4 are all 
the same. 



165. The method of Claim 149 wherein XI, X3, Yl and Y4 are all 
IS t-butyl. 

166. The method of Claim 165 wherein Rl and R4 are hydrogen. 

167. Hie method of Claim 149 wherein Rl and R4 on the catalyst are 
selected from die group consisting of hydrogen and methyl. 
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168. The method of Claim 149 wherein, wherein the opposite 
enantiomer of the chiral catalyst is included to thereby produce a laconic 
mixture of the epoxychroman. 

169. A method of enantioseiectively epoxidizing a cis-cinnamate 
derivative with a chiral catalyst to produce a cis-epoxide of said cinnamate 
derivative, said method comprising the steps of: 

providing a cis-cinnamate derivative having the formula: 




wherein A1-A5 are each selected from the group consisting of 
10 hydrogen, aryls, primary alkyls, secondary alkyls, tertiary alkyls, hydroxyl, 
alkoxy groups, F, Q, Br, I, and amines; 

wherein Bl is selected from the group consisting of 
unsubstituted, mono-substituted amine and di-substituted amine; 

wherein G is selected from the group consisting of hydrogen, 

15 and aryls; 

providing an oxygen atom source; 

providing the chiral catalyst defined in claim 1, 20, 26, 38, or 

53 and 5b; 

reacting said cis-cinnamate derivative, said oxygen atom source, 
20 and said chiral catalyst under such conditions and for such time sufficient to 



WO 93/03838 



PCT/US92/07261 



-101- 

epoxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate derivative. 

♦ 

170. Hie method of Claim 169 further comprising the steps of: 
providing a pyridine-N-oxide derivative; 

5 and reacting said pyridine-N-oxide derivative with said cis- 

cinnamate, said oxygen atom source, and said chiial catalyst. 

171. The method of Claim 170 wherein said pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenyIpyridine-N-oxide 
and 4-t-butylpyridine-N-oxide. 

10 172. The method of Claim 169 wherein the A1-A5 groups on the cis- 

cinnamate derivative are all the same. 

173. The method of Claim 169 wherein the A1-A5 groups on the ds- 
cinnamate derivative are hydrogen. 

174. The method of Claim 169 wherein Rl on the cis-cinnamate 
15 derivative is an ethyl group. 

175. Hie method of Claim 169 wherein the cis-cinnamate derivative 



PC 






iilt 



176. The method of Claim 169 wherein the oxygen atom source is 
selected from the group consisting of NaOCl, iodosomesitylene, NaI0 4 , 
NBU4IO4, potassium peroxymonosulfate, magnesium monoperoxyphthalate, 
HjOj, peroxybenzoic add derivatives, and hexacyanofenate ion. 

177. The method of Claim 169 wherein the oxygen atom source is 
NaOCL 
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178. Hie method of Claim 169 wherein the transition metal ion is 



manganese. 



179. A method of making a C-13 side chain of taxol or taxol 
derivative, said method comprising the steps of: 

providing a cis-cinnamate derivative having the formula: 




O-Ri 



10 



15 



20 



wherein A1-A5 are each selected from the group consisting of 
hydrogen, aryls, primary alkyls, secondary alkyls, tertiary alkyls, hydroxyl, 

alkoxy, F, CI, Br, I, and amines; 

wherein said alkoxy is selected from the group consisting 

of alkyls, aryls, aroyls, or alkanoyls; 

wherein Rl is an alkyl group; 

providing an oxygen atom source; 

providing the chiral catalyst defined in claim S3 or 56; 

reacting said cis-cinnamate derivative, said oxygen atom source, 
and said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 

said cinnamate derivative; 

regioselectively opening said cis-epoxide of cinnamate derivative 

to produce a 3-pheflyHsoserinamide derivative; 







II 





3-pbenyl-isoserine derivative; 
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providing 

reacting said 3-phenyl-isoserine derivative with said benzoyl 
chloride in sodium bicarbonate to form N-benzoyl-3-phenyl-isoserine. 







r 




M 


IT 



180. Hie method of Claim 179 further 

providing a pyridine-N-oxide derivative; 
and reacting said pyridine-N-oxide derivative with said cis- 
cinnamate derivative, said oxygen atom source, and said chiral catalyst 



10 



181, The method of Claim 180 wherein said pyridine-N-oxide is 
selected from the group consisting of 4-phenylpyridine-N-oxide and 4-t-butyl- 
pyridine-N-oxide. 



•Mill 



182. The method of Claim 179 wherein the A1-A5 groups on the cis« 
amate derivative are the same. 



15 



183. The method of Claim 179 wherein the A1-A5 groups on the ds- 
cinnamate derivative are hydrogen. 



184. The method of Claim 179 wherein Rl on die cis-ci 
derivative is an ethyl group. 



Late 



183. The method of Claim 179 wherein the ds-cinnamate derivative 
is cis-ethyl cinnamate. 



20 186. Hie method of Claim 179 wherein the oxygen atom source is 

selected from the group consisting of NaOCl, iodosomesitylene, NaI0 4 , 
NB114IO4, potassium peroxymonosulfate, magnesium monoperoxyphthalate, 
HjO,, peroxybenzoic acid derivatives, and hexacyanoferrate ion. 
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187. The method of Claim 179 wherein the oxygen atom source is 
NaOCl. 



188. The method of Claim 179 wherein the transition metal ion is 
manganese. 

5 189. A method of producing taxol, said method comprising the steps 

of: 

providing an ethyl phenylpropiolate; 

partially hydrogenating ethyl phenylpropiolate to produce cis- 

ethyl cinnamate; 
10 providing an oxygen atom source; 

providing the chiral catalyst defined in claim 1, 20, 26, 38, or 

53; 

reacting said cis-ethyl cinnamate, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
15 epoxidize said cis-ethyl cinnamate, to thereby produce a cis-epoxide of ethyl 
cinnamate; 

regioselectively opening said cis-epoxide of ethyl cinnamate to 

produce 3-phenyl-isoserinamide; 

hydrolyzing said 3-phenyl-isoserinamide to produce 3-phenyl- 

20 isoserine; 

providing benzoyl chloride in sodium bicarbonate solution; 

reacting said 3-phenyl-isoserine with said benzoyl chloride in 
sodium bicarbonate to form N-benzoyl-3-phenyHsoserine; 

reacting said N-benzoyl-3-phenyl-isoserine with 1-chloroethyl 
25 ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-0-(l- 
ethoxyethyI)-3-phenyl-isoserine for the C13 side chain; 

providing an alcohol with the formula: 

OR 
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wherein R4 is a hydroxyl protecting group; 

reacting, in the presence of a tertiaiy amine activating agent, 
said N-benzoyl-0(l-ethoxyethyl)-3-phenyHsoserine and said alcohol to form 
an intermediate; and 
5 converting the intermediate to taxol by hydrolyzing the 

ethoxyethyl on the C13 side chain and R4 hydroxyl protecting groups. 

190. The method of claim 189 wherein R4 is selected from ethers, 
esters, carbonates and silyl groups. 

191. The method of claim 189 wherein R4 is selected from 
10 ethoxyethyl, trimethyl, allyl or triethyl silyl. 



192. The method of claim 189 wherein the tertiary amine activating 
agent is triethyl amine, diisopropyl ethyl amine, pyridine, N-methyl imidazole, 
or 4-dimethylaminopyridine. 



193. The method of Claim 189 further comprising the steps of: 
15 providing a pyridine-N-oxide derivative; 

and reacting said pyridine-N-oxide derivative with said cis- 
cinnamate derivative, said oxygen atom source, and said chiral catalyst 



194. Hie method of Claim 193 wherein said pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenylpyridine-N-oxide 
and 4-t-butylpyridine-N-oxide. 

195. The method of Claim 189 wherein the oxygen atom source is 
selected from the group consisting of NaOCl, iodosomesitylene, NaI0 4 , 
NB114IO4, potassium peroxymonosulfate, magnesium monqperoxyphthalate, 
H2Q2, peroxybenzoic add derivatives, and hexacyanofenate ion. 
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196. The method of Claim 189 wherein the oxygen atom source is 
NaOCl. 



197. The method of Claim 189 wherein the transition metal ion is 
manganese. 



5 198. A method of enantioselectively oxidizing sulfides with the use of 

a chiial catalyst comprising the steps of: 

providing a prochiral sulfide; 
providing an oxygen atom source; 

providing the chiral catalyst of Claim 1, 15, 20, 26, 38 or 53; 

10 and 

reacting said sulfide, said oxygen atom source, and said chiral 
catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 



199. The method of Claim 198 wherein the prochiral sulfide has the 
15 following formula: 

R1-S-R2 

where Rl is any aromatic group and K2 is any alkyl group. 

200. The method of Claim 198 wherein the oxygen atom source is 
selected from the group consisting of hydrogen peroxide and iodosylbenzene. 

20 

201. The method of Claim 198 further comprising providing a 
cosolvent selected from the group consisting of tetrahydrufman, acetone and 
acetronitrile. 



202. A chiral catalyst having the following formula: 



• JIM 



•Kin 
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D 



wherein Yl is selected from the group consisting of 0-CH 3 , t- 
butyl, N0 2 , and H; and 
wherein A is an anion. 



203. A method of enantioselectively oxidizing a sulfide with a chiral 
5 catalyst comprising the steps of 

providing a prochiral sulfide; 
providing an oxygen atom source; 
providing the chiral catalyst of Claim 202; 

and 

10 reacting said sulfide, said oxygen atom source, and said chiial 

catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 

204. The method of Claim 203 wherein the prochiral sulfide has the 
following formula: 

15 R1-S-R2 

where Rl is any aromatic group and R2 is any alkyl 



205. The method of Claim 203 wherein the oxygen atom source is 
selected from the group consisting of hydrogen peroxide and iododylbenzene. 



20 
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206, The method of Claim 203 further comprising the step of 
providing a cosolvent selected from the group consisting of tetrahydrofimn, 
acetone and acetrunitrile. 



207. A chiial catalyst having the following formula: 




5 wherein Yl is selected from the group consisting of 0-CH 3 , t- 

butyl and methyl; and 
wherein A is an anion. 

208. A method of enantioselecthrely oxidizing a sulfide with a chiial 

catalyst comprising the steps of 
10 providing a prochiial sulfide; 

providing an oxygen atom source; 
providing the chiial catalyst of Claim 207; 

and 

reacting said sulfide, said oxygen atom source, and said chiial 
15 catalyst under such conditions and for time sufficient to oxidize said sulfide. 

209. Tie method of Claim 208 wherein the prochiial sulfide has the 
following formula: 

R1-S-R2 

where Rl is any aromatic group and R2 is any alkyl 

20 group. 



WO 93/03838 



PCT/US92/07261 



- 109- 

210. Hie method of Claim 208 wherein the oxygen atom source is 
selected from the group consisting of hydrogen peroxide and iodosylbenzene. 

21 1 . The method of Claim 208 further comprising the step of 
providing a cosolvent selected from the group consisting of tetrahydrofiiran, 

5 acetone and acetronitrile. 

212. A method of catalytic disproportionation of hydrogen peroxide 
comprising the steps of: 

providing hydrogen peroxide; 
providing a catalyst having the formula: 




10 where M is a transition ion; 

where A is an anion; 
where n is either 0, 1, or 2; 

where XI, X2, X3, X4, X5, X6, X7, X8, X9, X10, Xll, X12, 
X13 and X14 are independently selected from the group consisting of 
IS hydrogen, halides, alkyls, aryls and alkyi groups bearing hetero atoms; 
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t eacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 

213. A method of catalytic disproportionation of hydrogen 
5 peroxide comprising the steps of: 

providing hydrogen peroxide; 

providing the catalyst of Claim 1, 15, 20, 26, 38, 53, 202 or 

203; 

reacting said hydrogen peroxide and said catalyst under such 
10 conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 

214. A method of catalytic disproportionation of hydrogen peroxide 
comprising the steps of: 

providing hydrogen peroxide; 
15 providing a catalyst having die following formula: 



8 



where Y is selected from the group consisting of t-butyl, CI, 
methyl, and 
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ditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 



215. The method of Claim 214 further comprising providing a 
solvent selected from the group consisting of CRjClt, EtOH, H 2 0 and acetone. 

216. A method of catalytic disproportionation of hydrogen peroxide 
comprising the steps of : 

providing hydrogen peroxide; 
providing a catalyst having the fonnula: 



7^ 



10 reacting said hydrogen peroxide and said catalyst under such 

i 

conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. . 



15 



217. The method of Claim 216 farther comprising providing a 
solvent selected from the group consisting of CHjCla, EtOH, HjO and acetone. 
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AMENDED CLAIMS 

[received by the International Bureau on 8 February 1993 (08.02.93); 
original' claims 73,169,189,198 and 213 cancelled and replaced 
by new claims 218-221, 229-232, 242-245, 254-257 and 261-265 
respectively; claims 74-80, 170-178, 190-197 and 199-201 cancelled 
and replaced by new claims 222-228, 233-241, 246-253 and 258-260 
respectively; original claim 179 amended; other claims unchanged (34 pages)] 

179. A method of making a C-13 side chain of taxol or taxol 
derivative, said method comprising the steps of: 

providing a cis-cinnamate derivative having the formula: 




wherein A1-A5 are each selected from the group consisting of 
hydrogen, aryls, primary alky Is, secondary alky Is, tertiary alky Is, hydroxyl, 
alkoxy, F, CI, Br, I, and amines; 

wherein said alkoxy is selected from the group consisting 
of alky Is, aryls, aroyls, or alkanoyls; 
wherein Rl is an alkyl group; 
providing an oxygen atom source; 
providing a chiral catalyst having the following structure: 




where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alky Is and hydrogen; 

reacting said cis-cinnamate derivative, said oxygen atom source, 
and said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate derivative; 

regioselectively opening said cis-epoxide of cinnamate derivative 
to produce a 3-phenyl-isoserinamide derivative; 

hydrolyzing said 3-phenyl-isoserinamide derivative to produce a 
3-phenyl-isoserine derivative; 
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providing benzoyl chloride in sodium bicarbonate solution; and 
reacting said 3-phenyl-isoserine derivative with said benzoyl 
chloride in sodium bicarbonate to form N-benzoyl-3-phenyl-isoserine. 

180. The method of Claim 179 further comprising the steps of: 
providing a pyridine-N-oxide derivative; 

and reacting said pyridine-N-oxide derivative with said cis- 
cinnamate derivative, said oxygen atom source, and said chiral catalyst. 

181. Hie method of Claim 180 wherein said pyridine-N-oxide is 
selected from the group consisting of 4-phenylpyridine-N-oxide and 4-t-butyl- 
pyridine-N-oxide. 

182. The method of Claim 179 wherein the A1-A5 groups on the cis- 
cinnamate derivative are the same. 

- + 

183. The method of Claim 179 wherein the A1-A5 groups on the cis- 
cinnamate derivative are hydrogen. 

184. . Hie method of Claim 179 wherein Rl on the cis-cinnamate 
derivative is an ethyl group. 

185. Hie method of Claim 179 wherein the cis-cinnamate derivative 
is cis-ethyl cinnamate. 

186. The method of Claim 179 wherein the oxygen atom source is 
selected from the group consisting of NaOCl, iodosomesitylene, NaI0 4) 
NBu 4 I0 4 , potassium peroxymonosulfate, magnesium monoperoxyphthalate, 
H 2 Oj, peroxybenzoic acid derivatives, and hexacyanoferrate ion. 
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218. A method of enantioselectively epoxidizing a prochixal olefin 
with the use of a chiral catalyst comprising the steps of: 

providing a prochiral olefin; 
providing an oxygen atom source; 
providing a pyridine-N-oxide derivative; 
providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI orX2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, and Y6 are independently selected 

from the group consisting of hydrogen, halides, alkyls, aryls, and alkyl groups 

bearing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 

group consisting of hydrogen, CH 3 , and primary alkyls; 

where, if Rl is selected from said first group, then R2 and R3 
are selected from a second group consisting of aryls, secondary alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 
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* 

where, if R2 is selected from said first group, then Rl and R4 
are selected from said second group; 

where, if S3 is selected from said first group, then Rl and R4 
are selected from said second group; 
5 where, if R4 is selected from said first group, then R2 and R3 

are selected from said second group; and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said chiral catalyst under such conditions and for such 

» 

time sufficient to epoxidize said olefin. 

10 219. A method of enantioselectively epoxidizing a prochiral olefin 

with the use of a chiral catalyst comprising the steps of: 

providing a prochiral olefin; 

providing an oxygen atom source; 

providing a pyridine-N-oxide derivative; 
15 providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
where A is an anion; 

where at least one of XI or X2 is selected from the group 
20 consisting of aryls, primary alky Is, secondary alky Is, tertiary alky Is, and hetero 

atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alky Is, secondary alky Is, tertiary alkyls, and hetero 
atoms; and 
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where Yl, Y2, Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
Z8, Z9, Z10, Zll, and Z12 are independently selected from the group 
consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 
atoms; and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said chiral catalyst under such conditions and for such 
time sufficient to epoxidize said olefin. 

220. A method of enantioselectively epoxidizing a prochiral olefin 
with the use of a chiral catalyst comprising the steps of: 

providing a prochiral olefin; 
providing an oxygen atom source; 
providing a pyridine-N-oxide derivative; 
providing a chiral catalyst having the following structure: 

y>v» 



where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and 
atoms; 



WO 93/03838 



PCT/US92/07261 



-117- 

where at least one of Y4 or YS is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alky Is, and hetero 
atoms; 

where Y3 and Y6 are independently selected from the group 
5 consisting of H and primary alkyl groups; 

where either one or two of Rl, R2, R3 and R4 is hydrogen; 
where, if Rl is hydrogen, then R3 is a primary alkyl; 
where, if R2 is hydrogen, then R4 is a primary alkyl; 
where, if R3 is hydrogen, then Rl is a primary alkyl; 
10 where, if R4 is hydrogen, then R2 is a primary alkyl; and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said chiral catalyst under such conditions and for such 
time sufficient to epoxidize said olefin. 

221. A method of enantiosdectivdy epoxidizing a prochiral olefin 
15 with the use of a chiral catalyst comprising the steps of: 

providing a prochiral olefin; 
providing an oxygen atom source; 
providing a pyridine-N-oxide derivative; 
providing a chiral catalyst having the following structure: 



20 




where M is a transition metal ion; 

where A is an anion; 

where n is either 3, 4, 5 or 6; 



118 



where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alky Is, secondary alky Is, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 

where Rl and R4 are ftans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alkyls and hydrogen; 

where the carbons in the (C) n portion have substituents selected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms; and 

reacting said olefin, said oxygen atom source, said pyridine-N- 
oxide derivative, and said chiral catalyst under such conditions and for such 
time sufficient to epoxidize said olefin. 

222. The method of Claim 218, 219, 220 or 221 wherein the 
prochiral olefin is selected from the group consisting of monosubstituted and 
£i§ 1,2 disubstituted olefins. 

223. The method of Claim 218, 219, 220 or 221 wherein the 
prochiral olefin is a as disubstituted olefin bearing a primary substituent on 
one side of the double bond and a secondary, tertiary, or aryl substituent on 
the other side. 
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224. The method of Claim 218, 219, 220 or 221 wherein the 
pyridine-N-oxide derivative is selected from the group consisting of 4- 
phenylpyridine-N-oxide and 4-t-butylpyridine-N-oxide. 

225. Hie method of Claim 218, 219, 220 or 221 wherein the olefin is 
5 selected from the group consisting of: 

ris-B-methylstyrene, dihydronaphthalene, 2-cyclobexenyl-l ,1- 
dioxolane, 2,2-dimethylchromene, styrene, and propylene. 

226. Hie method of Claim 218, 219, 220 or 221 wherein the oxygen 
atom source is selected from the group consisting of: NaOCl, 

10 iodosomesitylene, NaI0 4 , NBu 4 I0 4 , potassium peioxymonosulfate, magnesium 

monoperoxyphthalate, and hexacyanoferrate ion. 

227. Hie method of Claim 218, 219, 220 or 221 wherein the oxygen 
atom source is selected from group consisting of: NaOCl and 
iodosomesitylene. 



15 228. The method of Claim 218, 219, 220 or 221 wherein the oxygen 

atom source is NaOCl. 

229. A method of enantioselectively epoxidizing a cis-cinnamate 
derivative with a chiral catalyst to produce a cis-epoxide of said cinnamate 
derivative, said method comprising the steps of: 
20 providing a cis-cinnamate derivative having the formula: 
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wherein A1-A5 are each selected from the group consisting of 
hydrogen, aryls, primary alkyls, secondary alky Is, tertiary alkyls, hydroxyl, 
alkoxy groups, F, CI, Br, I, and amines; 

wherein Bl is selected from the group consisting of 
unsubstituted, mono-substituted amine and di-substituted amine; 

wherein G is selected from the group consisting of hydrogen, 

and aryls; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, halides, alkyls, aiyls, and alkyl groups 

bearing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 
group consisting of hydrogen, CH 3 , and primary alkyls; 
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where, if Rl is selected from said first group, then R2 and R3 
arc selected from a second group consisting of aryls, secondary alky Is, tertiary 
alkyls, and alky Is bearing hetero atoms; 

where, if R2 is selected from said first group, then Rl and R4 
arc selected from said second group; 

where, if R3 is selected from said first group, then Rl and R4 

arc selected from said second group; 

where, if R4 is selected from said first group, then R2 and R3 
arc selected from said second group; and 

reacting said cis-cinnamate derivative, said oxygen atom source, 
and said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate derivative. 



15 



230. A method of enantioselectively epoxidizing a cis-cinnamate 
derivative with a chiral catalyst to produce a cis-epoxide of said ci nnamate 
derivative, said method comprising the steps of: 

providing a cis-cinnamate derivative having the formula: 

Al 
A4 



20 



25 



wherein A1-A5 are each selected from the group consisting of 
hydrogen, aryls, primary alkyls, secondary alkyls, tertiary alkyls, hydroxyl, 
alkoxy groups, F, CI, Br, I, and amines; 

wherein Bl is selected from the group consisting of 



1 _ 






Ill 


in 



•MM 



and aryls; 



wherein G is selected from the group consisting of hydrogen, 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 
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where M is a transition metal ion; 
where A is an anion; 

where at least one of XI or X2 is selected from die group 
consisting of aryls, primary alky Is, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
Z8, Z9, Z10, Zll, and Z12 are independently selected from the group 
consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 
atoms; and 

reacting said cis-cinnamate derivative, said oxygen atom source, 
and said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate derivative. 

231 . A method of enantioselectively epoxidizing a cis-cinnamate 
derivative with a chiral catalyst to produce a cis-epoxide of said cinnamate 
derivative, said method comprising the steps of: 

providing a cis-cinnamate derivative having the formula: 
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wherein A1-A5 are each selected from the group consisting of 
hydrogen, aryls, primary alky Is, secondary alkyls, tertiary alky Is, hydroxy!, 
alkoxy groups, F, CI, Br, I, and amines; 
5 wherein Bl is selected from the group consisting of 

unsubstituted, mono-substituted amine and di-substituted amine; 

wherein G is selected from the group consisting of hydrogen, 

and aryls; 

providing an oxygen atom source; 
10 providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 

where A is an anion; 

where n is either 0, 1, or 2; 
IS where at least one of XI or X2 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
20 atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 
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where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and heteio 
atoms; 

where Y3 and Y6 are independently selected from the group 
5 consisting of H and primary alkyl groups; 

where either one or two of Rl, R2, R3 and R4 is hydrogen; 

where, if Rl is hydrogen, then R3 is a primary alkyl; 

where, if R2 is hydrogen, then R4 is a primary alkyl; 

where, if R3 is hydrogen, then Rl is a primary alkyl; 
0 where, if R4 is hydrogen, then R2 is a primary alkyl; and 

reacting said cis-cinnamate derivative, said oxygen atom source, 
and said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate derivative. 

5 232. A method of enantioselectively epoxidizing a cis-cinnamate 

derivative with a chiral catalyst to produce a cis-epoxide of said cinnamate 
derivative, said method comprising the steps of: 

providing a cis-cinnamate derivative having the formula: 



0 




O-Ri 



wherein A1-A5 are each selected from the group consisting of 
hydrogen, aryls, primary alkyls, secondary alkyls, tertiary alkyls, hydroxyl, 
alkoxy groups, F, CI, Br, I, and amines; 

wherein Bl is selected from the group consisting of 
unsubstituted, mono-substituted amine and di-substituted amine; 
5 wherein G is selected from the group consisting of hydrogen, 

and aryls; 

providing an oxygen atom source; 
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providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 

where A is an anion; 
5 where n is either 3, 4, 5 or 6; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alky Is, secondary alky Is, tertiary alky Is, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
10 consisting of aryls, primary alkyls, secondary alky Is, tertiary alkyls, and hetero 

atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

15 where at least one of Y4 or Y5 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 
20 where Rl and R4 are trans to each other and at least one of Rl 

and R4 is selected from the group consisting of primary alkyls and hydrogen; 

where the carbons in the (C) n portion have substituents selected 
from the group consisting of hydrogen, alkyl, aiyl, and heteroatoms; and 

reacting said cis-cinnamate derivative, said oxygen atom source, 
25 and said chiral catalyst under such conditions and for such time sufficient to 
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epoxidize said cis-cinnamate derivative, to thereby produce a cis-epoxide of 
said cinnamate derivative. 

233. The method of Claim 229, 230, 231 or 232 further comprising 
the steps of: 

providing a pyridine-N-oxide derivative; 
and reacting said pyridine-N-oxide derivative with said cis- 
cinnamate, said oxygen atom source, and said chiral catalyst. 

234. The method of Claim 233 wherein said pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenyIpyridine-N-oxide 
and 4-t-butylpyridine-N-oxide. 

235. Hie method of Claim 229, 230, 231 or 232 wherein the A1-A5 
groups on the cis-cinnamate derivative are all the same. 

236. The method of Claim 229, 230, 231 or 232 wherein the A1-A5 
groups on the cis-cinnamate derivative are hydrogen. 

237. The method of Claim 229, 230, 231 or 232 wherein Rl on the 
cis-cinnamate derivative is an ethyl group. 

238. The method of Claim 229, 230, 231 or 232 wherein the cis- 
cinnamate derivative is cis-ethyl cinnamate. 

239. The method of Claim 229, 230, 231 or 232 wherein the oxygen 
atom source is selected from the group consisting of NaOCl, iodosomesitylene, 
NaI0 4 , NBu 4 I0 4 , potassium peroxymonosulfate, magnesium 
monoperoxyphthalate, H 2 0 2 , peroxybenzoic acid derivatives, and 

. hexacyanofenate ion. 
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240. The method of Claim 229, 230, 231 or 232 wherein the oxygen 
atom source is NaOCL 

24L The method of Claim 229, 230, 231 or 232 wherein the 
transition metal ion is manganese. 

242. A method of producing taxol, said method comprising the steps 

of: 

providing an ethyl phenylpropiolate; 
partially hydrogenating ethyl phenylpropiolate to produce cis- 
ethyl cinnamate; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alkyls, secondary alky Is, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 
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where Yl, Y2, Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, halides, alkyls, aryls, and aDcyl groups 

bearing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 

5 group consisting of hydrogen, CH 3 , and primary alkyls; 

where, if Rl is selected from said first group, then R2 and R3 
are selected from a second group consisting of aryls, secondary alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 

where, if R2 is selected from said first group, then Rl and R4 

10 are selected from said second group; 

where, if R3 is selected from said first group, then Rl and R4 

are selected from said second group; 

where, if R4 is selected from said first group, then R2 and R3 

are selected from said second group; 
15 reacting said cis-ethyl cinnamate, said oxygen atom source, and 

said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-ethyl cinnamate, to thereby produce a cis-epoxide of ethyl 
cinnamate; 

regioselectively opening said cis-epoxide of ethyl cinnamate to 
20 produce 3-phenyl-isoserinamide; 

hydrolyzing said 3-phenyl-isoserinamide to produce 3-phenyl- 

isoserine; 

providing benzoyl chloride in sodium bicarbonate solution; 

reacting said 3-phenyl-isoserine with said benzoyl chloride in 
25 sodium bicarbonate to form N-benzoyl-3-phenyl-isoserine; 

reacting said N-benzoyl-3-pbenyl-isoserine with 1-chloroethyl 
ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-<Ml- 
etboxyethyl)-3-phenyl-isoserine for the C13 side chain; 

providing an alcohol with the formula: 



30 



OR 




OH i OCOCHj 
OCOC ( Hj 
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wherein R4 is a hydroxyl protecting group; 

reacting, in the presence of a tertiary amine activating agent, 
said N-benzoyK>(l-ethoxyethyl)-3-phenyl-isoserine and said alcohol to form 
an intermediate; and 

5 converting the intermediate to taxol by hydrolyzing the 

ethoxyethyl on the C13 side chain and R4 hydroxyl protecting groups. 



243. A method of producing taxol, said method comprising the steps 

of: 

providing an ethyl phenylpropiolate; 
10 partially hydrogenating ethyl phenylpropiolate to produce cis- 

ethvl c inn am ate; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 




15 where M is a transition metal ion; 

where A is an anion; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alky Is, secondary alky Is, tertiary alkyls, and hetero 
atoms; 

20 where at least one of X3 or X4 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
Z8, Z9, Z10, ZU, and Z12 are independently selected from the group 
25 consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 

atoms; 
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reacting said cis-ethyl cinnamate, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
epoxidize said cis-ethyl cinnamate, to thereby produce a cis-epoxide of ethyl 
cinnamate; 

regioselectively opening said cis-epoxide of ethyl cinnamate to 
produce 3-phenyl-isoserinamide; 

hydrolyzing said 3-phenyl-isoserinamide to produce 3-phenyl- 

isoserine; 

providing benzoyl chloride in sodium bicarbonate solution; 
reacting said 3-phenyl-isoserine with said benzoyl chloride in 
sodium bicarbonate to form N-benzoyl-3-phenyl-isoserine; 

reacting said N-benzoyl-3-phenyl-isoserine with 1-chloroethyl 
ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-0(l- 
ethoxyethyl)-3-phenyI-isoserine for the C13 side chain; 
15 providing an alcohol with the formula: 

9 OSUCjHj) 3 



10 




CM I OCOCK, 
OCOC 4 M| 

wherein R4 is a hydroxyl protecting group; 

reacting, in the presence of a tertiary amine activating agent, 
said N-benzoyl-0-(l-ethoxyethyl)-3-phenyl-isoserine and said alcohol to form 

20 an intermediate; and 

converting the intermediate to taxol by hydrolyzing the 
etboxyethyl on the C13 side chain and R4 hydroxyl protecting groups. 

244. A method of producing taxol, said method comprising the steps 

of: 

25 providing an ethyl phenylpropiolate; 

partially hydrogenating ethyl phenylpropiolate to produce cis- 
ethyl cinnamate; 
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providing an oxygen atom source; 

providing a chiial catalyst having the following structure: 




where M is a transition metal ion; 
5 where A is an anion; 

where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alky Is, secondary alkyls, tertiary alky Is, and hetero 
atoms; 

10 where at least one of X3 or X4 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
IS atoms; 

where at least one of Y4 or YS is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Y3 and Y6 are independently selected from the group 
20 consisting of H and primary alkyl groups; 

where either one or two of Rl, R2, R3 and R4 is hydrogen; 

where, if Rl is hydrogen, then R3 is a primary alkyl; 

where, if R2 is hydrogen, then R4 is a primary alkyl; 

where, if R3 is hydrogen, then Rl is a primary alkyl; 
25 where, if R4 is hydrogen, then R2 is a primary alkyl; 

reacting said cis-ethyl cinnamate, said oxygen atom source, and 
said chiral catalyst under such conditions and for such time sufficient to 
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epoxidize said cis-ethyl cinnamate, to thereby produce a cis-epoxide of ethyl 
cinnamate; 

regioselectively opening said cis-epoxide of ethyl cinnamate to 
produce 3-phenyl-isoserinamide; 

hydrolyzing said 3-phenyl-isoserinamide to produce 3-phenyl- 

isoserine; 

providing benzoyl chloride in sodium bicarbonate solution; 

reacting said 3-phenyHsoserine with said benzoyl chloride in 
sodium bicarbonate to form N-benzoyl-3i)benyHsoserine; 

reacting said N-benzoyl-3-pbenyl-isoserine with 1-chloroethyl 
ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-0-(l- 
ethoxyetbyl)-3-phenyl-isoserine for the C13 side chain; 

providing an alcohol with the formula: 




20 



OH \ OCOCK 4 
OCOCjMj 



wherein R4 is a hydroxyl protecting group; 

reacting, in the presence of a tertiary amine activating agent, 
said N-benzoyl-0-(l -ethoxyethyl)-3-phenyl-isoserine and said alcohol to form 

an intermediate; and 

converting the intermediate to taxol by hydrolyzing the 
ethoxyethyl on the C13 side chain and R4 hydroxyl protecting groups. 



25 



245. A method of producing taxol, said method comprising the steps 



of: 



providing an ethyl phenylpropiolate; 
partially hydrogenating ethyl phenylpropiolate to produce cis- 
ethyl cinnamate; 

providing ah oxygen atom source; 

providing a chiral catalyst having the following structure: 
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where M is a transition metal ion; 
where A is an anion; 
where n is either 3, 4, 5 or 6; 
5 where at least one of XI or X2 is selected from the group. 

. consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and betero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
10 atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
IS consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 

where Rl and R4 are trans to each other and at least one of Rl 
20 and R4 is selected from the group consisting of primary alkyls and hydrogen; 

where the carbons in the (C) n portion have substitutes selected 
from the group consisting of hydrogen, alkyl, aiyl, and heteroatoms; and 

reacting said cis-ethyl cinnamate, said oxygen atom source, and 
said chiial catalyst under such conditions and for such time sufficient to 
25 epoxidize said cis-ethyl cinnamate, to thereby produce a cis-epoxide of ethyl 

cinnamate; 
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regioselectively opening said cis-epoxide of ethyl cinnamate to 

produce 3-phenyl-isoserinamide; 

bydrolyzing said 3-phenyl-isoserinamide to produce 3-phenyl- 

isoserine; 

providing benzoyl chloride in sodium bicarbonate solution; 

reacting said 3-phenyl-isoserine with said benzoyl chloride in 
sodium bicaibonate to form N-benzoyl-3-phenyl-isoserine; 

reacting said N-benzoyI-3i>henyl-isoserine with 1-chloroethyl 
ethyl ether and tertiary amine in methylene chloride to form N-benzoyl-0-(l- 
ethoxyethyl)-3-phenyl-isoserine for the C13 side chain; 

providing an alcohol with the formula: 

tSUC|H|1j 




OH X OCOCHj 
° OCOC ( K S 



15 



wherein R4 is a hydroxyl protecting group; 

reacting, in the presence of a tertiary amine activating agent, 
said N-benzoyl-0-(l-ethoxyethyl)-3-phenyl-isoserine and said alcohol to form 

w 

an intermediate; and 

converting the intermediate to taxol by hydrolyzing the 
ethoxyethyl on the CI 3 side chain and R4 hydroxyl protecting groups. 



20 



246. The method of claim 242, 243, 244 or 245 wh 
selected from ethers, esters, carbonates and silyl groups. 



R4is 



247. The method of claim 242, 243, 244 or 245 wherein R4 is 
selected from ethoxyethyl, trimethyl, allyl or triethyl silyl. 



25 



248. The method of claim 242, 243, 244 or 245 wherein the tertiary 
amine activating agent is triethyl amine, diisopropyl ethyl amine, pyridine, N- 
m ethyl imidazole, or 4-dimethylaininopyridine. 
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249" The method of Claim 242, 243, 244 or 245 further comprising 
the steps of: 

providing a pyridine-N-oxide derivative; 
and reacting said pyridine-N-oxide derivative with said cis- 
cinnamate derivative, said oxygen atom source, and said chiral catalyst 

25(X The method of Claim 249 wherein said pyridine-N-oxide 
derivative is selected from the group consisting of 4-phenylpyridine-N-oxide 
and 4-t-butylpyridine-N-oxide. 

251. The method of Claim 242, 243, 244 or 245 wherein the oxygen 
atom source is selected from the group consisting of NaOCl, iodosomesitylene, 
NaI0 4 , NBu^O^ potassium peroxymonosulfate, magnesium 
monoperoxyphthalate, HjOj, peroxybenzoic acid derivatives, and 
hexacyanoferrate ion. 

252. The method of Claim 242, 243, 244 or 245 wherein the oxygen 
atom source is NaOCl. 

253. Hie method of Claim 242, 243, 244 or 245 wherein the 
transition metal ion is manganese. 

254. A method of enantioselectively oxidizing sulfides with the use of 
a chiral catalyst comprising the steps of: 

providing a prochiral sulfide; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 
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where M is a transition metal ion; 

where A is an anion; 

where n is either 0, 1, or 2; 
5 where at least one of XI or X2 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
10 atoms; 

where Yl, Y2, Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, halides, alkyls, aryls, and alkyl groups 

bearing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 

15 group consisting of hydrogen, CH 3 , and primary alkyls; 

where, if Rl is selected from said first group, then R2 and R3 
are selected from a second group consisting of aryls, secondary alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 

where, if R2 is selected from said first group, then Rl and R4 

20 are selected from said second group; 

where, if R3 is selected from said first group, then Rl and R4 

are selected from said second group; 

where, if R4 is selected from said first group, then R2 and R3 

are selected from said second group; and 
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reacting said sulfide, said oxygen atom source, and said chiral 
catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 

255. A method of enantioselectively oxidizing sulfides with the use of 
a chiral catalyst comprising the steps of: 

providing a prochiral sulfide; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 





10 where M is a transition metal ion; 

where A is an anion; 

where at least one of XI or X2 is selected from the group 
consisting of aryls, primary alky Is, secondary alky Is, tertiary alky Is, and hetero 
atoms; 

15 where at least one of X3 or X4 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
Z8, Z9, Z10, Zll, and Z12 are independently selected from the group 
20 consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 

atoms; and 

reacting said sulfide, said oxygen atom source, and said chiral 
catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 
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256. A method of enantioselectively oxidizing sulfides with the use of 
a chiral catalyst comprising the steps of: 

providing a prochiial sulfide; 

providing an oxygen atom source; 

providing a chiial catalyst having the following structure: 

* Pi 



vvv 



where M is a transition metal ion; 

where A is an anion; 

where n is either 0, 1, or 2; 
10 where at least one of XI or X2 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
15 atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
20 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where Y3 and Y6 are independently selected from the group 
consisting of H and primary alkyl groups; 

where either one or two of Rl, R2, R3 and R4 is hydrogen; 
25 where, if Rl is hydrogen, then R3 is aprimary alkyl; 

where, if R2 is hydrogen, then R4 is aprimary alkyl; 
where, if R3 is hydrogen, then Rl is a primary alkyl; 
where, if R4 is hydrogen, then R2 is a primary alkyl; and 
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reacting said sulfide, said oxygen atom source, and said chiral 
catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. 

257. A method of enantioselectively oxidizing sulfides with the use of 
a chiral catalyst comprising the steps of: 

providing a prochiral sulfide; 

providing an oxygen atom source; 

providing a chiral catalyst having the following structure: 




10 

where M is a transition metal ion; 

where A is an anion; 

where n is either 3, 4, 5 or 6; 

where at least one of XI or X2 is selected from the group 
15 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

20 where at least one of Yl or Y2 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
25 atoms; 

where Y3, and Y6 are independently selected from the group 
consisting of hydrogen and primary alkyl groups; 
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where Rl and R4 are cans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alkyls and hydrogen; 

where the carbons in the (C) n portion have substituents selected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms; and 
5 reacting said sulfide, said oxygen atom source, and said chiral 

catalyst under such conditions and for such time sufficient to oxidize said 
sulfide. . 

258. Tlie method of Claim 254, 255, 256 or 257 wherein the 
prochiral sulfide has the following formula: 

10 R1-S-R2 

where Rl is any aromatic group and R2 is any alkyl group. 

259. The method of Claim 254, 255, 256 or 257 wherein the oxygen 
atom source is selected from the group consisting of hydrogen peroxide and 
iodosylbenzene. 

15 260. The method of Claim 254, 255, 256 or 257 further comprising 

providing a cosolvent selected from the group consisting of tetrahydrofuran, 
acetone and acetronitrile. 

261 A method of catalytic dispropoitionation of hydrogen peroxide 

comprising the steps of: 
20 providing hydrogen peroxide; 

providing the catalyst of Claim 202 or 203; and 

reacting said hydrogen peroxide and said catalyst under such 

conditions and for such time sufficient to disproportionate hydrogen peroxide 

to dioxygen and water. 

25 262. A method of catalytic dispropoitionation of hydrogen peroxide 

comprising the steps of: 

providing hydrogen peroxide; 
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providing a chiral catalyst having the following structure: 



Y 
v, 



X, 7 x 4 



where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI orX2 is selected from the group 
consisting of aryls, primary alkyls, secondary alky Is, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Yl, Y2, Y3, Y4, Y5, and Y6 are independently selected 
from the group consisting of hydrogen, halides, alkyls, aryls, and alkyl groups 
bearing hetero atoms; 

where at least one of Rl, R2, R3 and R4 is selected from a first 
group consisting of hydrogen, CH 3 , and primary alkyls; 

where, if Rl is selected from said first group, then R2 andRJ 
are selected from a second group consisting of aryls, secondary alkyls, tertiary 
alkyls, and alkyls bearing hetero atoms; 

where, if R2 is selected from said first group, then Rl and R4 
are selected from said second group; 

where, if R3 is selected from said first group, then Rl and R4 
are selected from said second group; 

where, if R4 is selected from said first group, then R2 and R3 
are selected from said second group; and 
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reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 

263. A method of catalytic disproportionation of hydrogen peroxide 
comprising the steps of: 

providing hydrogen peroxide; 

providing a chiral catalyst having the following structure: 




where M is a transition metal ion; 
10 where A is an anion; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of X3 or X4 is selected from the group 
15 consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 

atoms; 

where Yl, Y2, Y3, Y4, Y5, Y6, Zl, Z2, Z3, Z4, Z5, Z6, Z7, 
Z8, Z9, Z10, Zll, and Z12 are independently selected from the group 
consisting of hydrogen, halides, alkyls, aryls, and alkyl groups bearing hetero 
20 atoms; and 

reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 
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264. A method of catalytic disproportionation of hydrogen peroxide 
comprising the steps of: 

providing hydrogen peroxide; 

providing a chiral catalyst having die following structure: 



where M is a transition metal ion; 
where A is an anion; 
where n is either 0, 1, or 2; 

where at least one of XI or X2 is selected from the group 
10 consisting of axyls, primary alkyls, secondary alky Is, tertiary alky Is, and hetero 

atoms; 

where at least one of X3 or X4 is selected from the group 
consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

15 where at least one of Yl or Y2 is selected from the group 

consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
20 atoms; 

where Y3 and Y6 are independently selected from the group 
consisting of H and primary alkyl groups; 

where either one or two of Rl, R2, R3 and R4 is hydrogen; 
where, if Rl is hydrogen, then R3 is a primary alkyl; 
25 where, if R2 is hydrogen, then R4 is a primary alkyl; 

where, if R3 is hydrogen, then Rl is a primary alkyl; 
where, if R4 is hydrogen, then R2 is a primary alkyl; and 
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reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 

265 . A method of catalytic dispropoitionation of hydrogen peroxide 

comprising the steps of: 

providing hydrogen peroxide; 

providing a chiral catalyst having the following structure: 



where M is a transition metal ion; 
10 where A is an anion; 

where n is either 3, 4, 5 or 6; 

where at least one of XI or X2 is selected from the group 
consisting of aiyls, primary alky Is, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

15 where at least one of X3 or X4 is selected from the group 

consisting of aiyls, primary alkyls, secondary alkyls, tertiary alkyls, and h 



atoms; 

where at least one of Yl or Y2 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hi 
20 atoms; 

where at least one of Y4 or Y5 is selected from the group 
consisting of aryls, primary alkyls, secondary alkyls, tertiary alkyls, and hetero 
atoms; 

where Y3, and Y6 are independently selected from the group 
25 consisting of hydrogen and primary alkyl groups; 
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where Rl and R4 are trans to each other and at least one of Rl 
and R4 is selected from the group consisting of primary alkyls and hydrogen; 

where the carbons in the (C) 0 portion have substituents selected 
from the group consisting of hydrogen, alkyl, aryl, and heteroatoms; and 

reacting said hydrogen peroxide and said catalyst under such 
conditions and for such time sufficient to disproportionate hydrogen peroxide 
to dioxygen and water. 
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